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ABSTRACT

ASSESSING THE POTENTIAL AND PATHWAYS FOR RENEWABLE ENERGY
TRANSFORMATIONS IN ORLEANS, CALIFORNIA

Malcolm Prescott Moncheur de Rieudotte

In what is now known as the state of California in the United States, the Karuk
Tribe is interested in deploying a renewable-powered microgrid in the rural community
of Orleans to improve electricity system reliability and resilience to address a wide range
of challenges, including extreme events such as wildfires. This study assesses the
potential of local distributed renewable energy and battery storage to meet Orleans'
energy needs today and in the increasingly electrified future using an energy model. It
also identifies existing cultural and social priorities for energy technology along with
structural barriers to renewable energy adoption and the decarbonization of transportation
and water heating from interviews with community members.
Many, but not all community members we interviewed find their electric service
unreliable, do not trust PG&E or their bills, and are interested in alternative sources of
energy. However, the high upfront costs of renewables and lack of local contractors can
lower the priority of adoption. Keeping food from expiring during blackouts is a key
concern for study participants, in part because the lack of nearby affordable grocery
stores means households own several fridges / freezers to store groceries and culturally
important foods.
ii

Given existing demand, solar resource, land area, and available funding, the
community of Orleans is well suited for renewable-powered microgrid development.
Depending on the extent of electrification, a renewable-powered microgrid in Orleans
with implementation costs ranging from $12 million to $15 million could provide up to
21 days of autonomy when islanded and reduce community-wide greenhouse gas
emissions by up to 90%.
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CHAPTER 1. INTRODUCTION

In what is now known as the state of California in the United States, the Karuk
Tribe is interested in deploying a renewable-powered microgrid in the rural community
of Orleans to improve electricity system reliability1 and resilience2 to address a wide
range of challenges, including extreme events such as wildfires (Karuk Tribe, 2016,
2019). This study estimates the scale of energy demand in Orleans and the potential for
renewable energy to meet these energy needs now and in an increasingly electrified
future, in addition to identifying cultural and social priorities for energy development.
Indigenous communities hold little to no responsibility in causing climate change,
yet are experiencing disproportionate impacts from it (Abate & Kronk, 2013; Karuk
Tribe, 2019; Tsosie, 2007; K. P. Whyte, 2014). In California, climate change has been
exacerbating wildfire events – lengthier and more arid summers are expected to increase
the number and intensity of large wildfires (Melillo et al., 2014). Between 1972-2018, the
annual area burned in California has increased by a factor of five (Williams et al., 2019).
Furthermore, a century and a half of settler colonial practices in the western
United States have amplified the impacts of wildfires by attempting to erase native
peoples and their traditional methods of forest management, replacing prescribed and
cultural burns with a regime of fire suppression (Jackson, 2020; Oliver, 2019; D. N.

1
2

Defined as everyday uninterrupted supply.
Defined as providing reliable power during extreme events, such as wildfires.

2
Pellow & Nyseth Brehm, 2013). Both these land management practices and climate
change are a result of White supremacy and the capitalist-colonial-patriarchal enterprise
it spawned (Bonds & Inwood, 2016; Gonzalez, 2020; Smith, 2010). As such, I refer to
fires exacerbated by climate change and/or settler colonial land practices as climate fires
to acknowledge that these are simply two facets of a greater whole.
Climate fires threaten not only the lives, homes, and livelihoods of indigenous
peoples, they endanger ancestral lands, medicinal plants, and traditional foods. Impacts
from climate fires are compounded by historical social and economic inequities, such as
poverty (Davis et al., 2016), lack of access to electricity (National Wildlife Federation,
2010), lack of access to clean energy (Carley & Konisky, 2020), and a higher rate of
power outages compared to other groups.
Despite these impacts, Native communities are at the forefront of climate change
adaptation and resilience efforts, from cultural and prescribed fire, to clean energy
development, to renewable-powered microgrid deployment3 (Blue Lake Rancheria Tribe,
2017; Indigenous Clean Energy, 2020; Karuk Tribe, 2019).
Throughout California, Indigenous communities are increasingly interested in
developing community-owned and operated microgrids that provide resilience to climateexacerbated events, such as climate fires. These microgrids can also support demand-side

3

Native communities are not a monolith - each Tribe, nation, or group has a unique history and context and
operates following their individual goals and politics. When I refer to Native, Indigenous, or American
Indian peoples, I do so to highlight commonalities of experience, not to erase the diversity of experience of
the many distinct communities that have lived on this land for thousands of years.
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electrification, such as replacing internal combustion engine (ICE) vehicles with electric
vehicles (EVs) and propane water heaters (WHs) with heat pump water heaters
(HPWHs). Renewable powered microgrids can also provide a variety of economic and
sociocultural benefits. These include improving electricity system resilience, providing
lifeline energy needs during blackouts and Public Safety Power Shutoff (PSPS4) events,
reducing reliance on fossil fuels, improving local air quality, reducing greenhouse gas
(GHG) emissions and democratizing access to clean energy (Burke & Stephens, 2017;
Carter et al., 2019).
At the state level, microgrids could help meet renewable energy deployment
goals, such as California’s goal for 100% clean and renewable electricity by 2045 (Senate
Bill 100, 2018), and GHG reduction goals, in addition to providing ancillary services to
the grid.
Through a graduate fellowship at the Schatz Energy Research Center, I have been
collaborating with the Karuk Tribe Department of Natural Resources (KDNR) and the
Blue Lake Rancheria Tribe on the Smoke, Air, Fire, and Energy (SAFE) in Rural
California Project. This multifaceted project, funded by the Strategic Growth Council of
the state of California, is focused on understanding how Tribal communities in rural
California can expand access to clean energy and build climate resilience while facing the
increasing impacts of climate change, such as climate fires and exposure to air pollution.

4

A preventative measure wherein utilities temporarily turn off power to specific areas during severe
weather to reduce the risks of fires caused by electric equipment (e.g. damaged or downed power lines).
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The Karuk Tribe is interested in deploying a community owned and operated
microgrid powered by renewable energy in Orleans, California, as a means of improving
electricity system reliability and resilience to this wide range of challenges. This study
assesses the potential of local distributed renewable energy and battery storage to meet
Orleans' energy needs today and in the increasingly electrified future.
First, I assessed and modeled the main sources of energy service needs in Orleans,
which are currently served by electricity, gasoline and diesel, propane, and firewood.
Next, I explored how electrifying ICE vehicles and propane WHs would change energy
demand, and estimated the impact of electrification on residential energy bills, GHG
emissions, and the communities’ overall energy consumption. Given a series of
electrification “milestones” representing movement towards 100% electrified systems, I
estimated the size and performance of the solar PV + battery system required to power a
microgrid in Orleans, and estimated the associated capital expenses and operations and
maintenance costs. Finally, I gathered responses from SAFE project interviews to present
existing cultural and social priorities for energy technology as well as key structural
barriers to renewable energy adoption and the decarbonization of transportation and
water heating. These results will be used by the Karuk Tribe and SAFE project
collaborators to pursue funding and support the design of a community microgrid in
Orleans.
In Chapter 2, I frame microgrid development in Orleans within broader
discussions related to energy development and provide background information on
microgrids. In Chapter 3, I describe the methodology for my analyses. I present my
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results in Chapter 4 and contextualize these results in Chapter 5. I close with conclusions
and next steps for microgrid development in Orleans in Chapter 6.
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CHAPTER 2. BACKGROUND

Energy systems, even at the scale of a single microgrid, are more than the sum of
their technological aspects. One cannot separate energy from societal, historical, or
political context. One way to think about energy is as a socio-energy system, which can
be defined as “sets of interlinked arrangements and assemblages of people and machines
involved in the production, distribution, and consumption of energy, in their supply
chains, and in the lifecycles of their technologies and organizations.” (C. A. Miller et al.,
2015)
With this concept in mind, we can reframe a microgrid in Orleans as a sociotechnological system. The main technological components are the generation and storage
systems, which include the PV array, which produces DC power using the energy of the
sun as a primary fuel, the inverter, which transforms DC to AC power, the battery, which
stores energy from the PV array and the grid, and the interconnection with the PG&E
grid. The social system is much more complex: it includes the actors, social fabric,
values, institutions, and historical and political context of a place. Equally as important as
sizing the system correctly is ensuring that the system is designed, built, and
implemented in a way that acknowledges the social, historical, and political context in
Orleans and does not further marginalize Karuk Tribal members.
In the following sections, I frame microgrid development in Orleans within
broader discussions related to energy development. I begin by comparing and contrasting
renewable energy transitions and transformations and relate energy justice and energy
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democracy to microgrid development in Orleans. Next, I apply the indigenous framework
of kinship time to clean energy development. I then provide some historical context
relating to Orleans, the energy system in Orleans, and the Karuk Tribe. Finally, I discuss
the potential impacts of electrification in Orleans, and end with a background on
microgrids and their potential community benefits.
Renewable Energy Transitions & Transformations

Tribes in California are leading on renewable energy development to achieve
energy reliability and sovereignty while providing economic and sociocultural benefits in
their communities (Gates & Bonitz, 2019). In Humboldt County, the Blue Lake
Rancheria, Hoopa Valley, Yurok, and Karuk Tribes have outlined visions for renewable
energy development in their communities.
The Blue Lake Rancheria Tribe’s existing renewable-powered microgrid provides
20-40% of their electricity needs (BLR and U.S. EPA Green Power Partnership, n.d.),
and they have set a goal to achieve net zero carbon emissions by 2030 (Blue Lake
Rancheria Tribe, 2021).
The Hoopa Valley Tribe’s energy vision states:
“To combine historical values with modern technology by striving towards
renewable energy and new infrastructure development that benefits the people,
our lands, and our traditional cultures.” (Hoopa Valley Tribe, 2016)
Similarly, the Yurok Tribe energy vision statement reads:
“To make sure all Tribal members living within the Yurok ancestral territory have
access to reliable, affordable, modern, cost-effective energy services. In addition,
the Tribe seeks an energy program that promotes energy self-sufficiency,
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environmental sustainability, use of local renewable resources, and job creation
and economic opportunity for Tribal members.” (Yurok Tribe, 2020)
The Karuk Tribe’s energy vision is “to strengthen sovereignty through energy
self-reliance, while maintaining cultural and ecological values (Karuk Tribe, 2008).
Additionally, their 2019 Climate Adaptation Plan focuses on the links between climate
fires and energy resilience, and provides guidelines for climate adaptation, from
prescribed burns to alternative energy systems development (Karuk Tribe, 2019).
While these visions of the future incorporate renewable energy development, it is
important to note that renewable energy does not necessarily lead to positive social,
ethical, or environmental outcomes. Fossil fuels are inherently unequitable: their
extraction, consumption, and disposal always impact some groups more than others, be it
through destruction of land, destruction of lungs, or destruction of communities
(Gonzalez, 2020; Healy et al., 2019; Perera, 2018). However, in our current system of
extractive capitalism, renewable energy is not inherently “better” than fossil fuels, and
historically marginalized communities, including indigenous ones, have pushed back
against culturally and environmentally harmful projects, from the Humboldt County Bear
River Ridge TerraGen wind project opposed by the Wiyot Tribe to the Karuk Tribe’s
campaign to remove hydroelectric dams from the Klamath river (Gosnell, 2010; Wiyot
Tribe, 2019).
Similarly, the ways by which materials used to construct renewable energy
systems and battery technologies are mined and constructed can create significant social
and environmental burdens. Much of the cobalt mined for smartphone and EV batteries
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comes from operations involving child labor in the Democratic Republic of the Congo,
while some solar panels are manufactured by American prison labor (Groom, 2015;
Washington Post, 2016). Furthermore, the experience of being incarcerated can intersect
with environmental injustice and environmental racism, as many carceral locations are
located on toxic sites and/or present environmental health risks to people that are
incarcerated (D. Pellow & Vazin, 2019).
Domestically and internationally, large-scale hydroelectric development has also
been pursued in ways that are harmful to rural and indigenous communities. In Northern
California, throughout the early-to-mid 1900’s, settlers constructed dams along the
Klamath River, harming and in some cases rendering extinct culturally significant fish
species that Tribes throughout the Klamath Basin have relied on for millennia (Sloan,
2011). In Honduras, the company behind the development of the Agua Zarca dam
engaged in violence and intimidation of the Indigenous Lenca whose land they attempted
to steal to develop the project (Bird, 2013), culminating in the 2016 assassination of Berta
Cáceres, a notable Lenca environmental activist (Lakhani, 2021).
These examples highlight the importance of carefully considering both the
benefits and intersectional impacts of renewable technologies, and distinguishing
between different approaches to renewable energy development. Andy Stirling draws the
distinction between two “ideal types” of social change, the transition and the
transformation, which I apply here to renewable energy development. It is important to
note that these are frameworks, not rigid categories - no one specific approach clearly
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falls within each ideal type. These definitions are meant to expand, rather than stifle
discourse.
According to Stirling, transitions are characterized by technical, top-down
approaches, wherein “experts” operate within the status quo of incumbent power
structures and use fear to advocate for specific goals (Stirling, 2014). Examples of
transitions include geoengineering, nuclear power, or intensive agriculture using
transgenic crops. While transitions are “top-down”, transformations are best described as
“bottom-up”, achieving change through plural, multifaceted ways of being and knowing,
challenging incumbent power structures, with no specific dogma or unified goals. As
opposed to being driven by fear and control, transformations focus on hope, mutual
caring, and flourishing. Some examples include distributed renewable energy, collective
ownership practices, local supply chains, or ecological farming. Additionally, Stirling
argues that transitions stifle democracy in order to maintain existing power structures,
while democracy is a core requirement of transformational movements in order to
overthrow these power structures.
While the terminology differs, scholars of energy democracy also draw a
distinction between the ways in which renewable energy deployment can strengthen or
subvert entrenched power structures. Energy democracy’s goal is to empower the
communities most marginalized by our fossil-fuel based system through equitable
renewable energy generation and distribution (Lennon, 2017).
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Some Black Lives Matter activists argue in favor of energy democracy because
they view it as another means to push back against structural systems of racism and
oppression. As one activist saliently stated:
Black Lives Matter is not just about racist cops killing black men. It’s about
recognizing that systems of power have targeted us for demise and doing
everything in our power to stop it… So when we talk about solar panels here,
when we talk about renewable energy, we’re not talking about lowering our
energy bills, we’re not talking about making our homes greener or whatever.
We’re talking about taking power back, controlling our own power systems… We
gotta fight on multiple fronts; in my mind, solar energy is just one of many paths
to liberation. (Lennon, 2017, p. 21)

Energy democracy is related to but separate from energy justice. While both
frameworks share a similar agenda: redressing energy related injustices, their methods
and end goals are different. Energy democracy’s goal is to empower the communities
most marginalized by our fossil-fuel based system through equitable renewable energy
generation and distribution (Lennon, 2017), while energy justice is focused on applying
social justice principles to the energy sector.
Namely, energy justice seeks to address injustices in the energy system based on
the following criteria: what is the injustice, who is affected by it, and what avenues for
remediation exist, succinctly summarized as “what, who, and how” (Jenkins et al., 2016).
These are more commonly referred to as distributive, recognition, and procedural justice.
Distributive justice relates to the uneven distribution of benefits and burdens
related to the energy system. It recognizes that while renewable energy resources are not
evenly distributed (wind, solar, and hydro are not equally viable in all locations), there
should be equitable and affordable access to renewable energy, and the burdens related to
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generation, distribution, and disposal should be equitably shared as well. For example,
while Tribal land contains 5% of all renewable energy resources in the U.S while taking
up 2% of the land (U.S. Department of Energy, 2012), tribal members are often not able
to access or benefit from these resources (Ravotti, 2017).
Recognition justice focuses on identifying which portions of society are affected
by energy injustices, and the ways they are misrepresented or unrepresented in the current
system (Jenkins et al., 2016). Identifying disparities in access to renewable energy
between urbanites and individuals living in rural areas, between more and less affluent
individuals, or between white people and Black, Indigenous, and other people of color is
a way to recognize these issues.
Procedural justice states the need for a system which engages all stakeholders in
an equitable fashion. Redressing procedural injustices requires increasing the
representation of marginalized groups in decision-making roles, both politically and
socially.
The concept of intersectionality is very helpful in understanding both energy
justice and energy democracy. Intersectionality originated as a critique of white feminist
theory, and broadly states that while every individual has a variety of different identities
(e.g., race, class, gender), some of these combined identities are marginalized by systems
of discrimination or disadvantage. As Sovacool et al. explain:
Energy justice is intertwined with other relevant social issues that we all are
grappling with – capricious destruction of habitats and loss of species, globalization,
economic inequality, immigration, health, and security. Women are more impacted by
poor energy access than men, race disproportionately impacts certain communities than
others, immigrants face structural difficulties in accessing local resources. Energy
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injustice therefore involves intricately overlapping layers or marginality. (Sovacool et al.,
2017, p. 688).

Understanding intersectionality is critical to creating solutions that provide
tangible benefits to marginalized populations. For example, in the context of ending
gender-based violence, I believe in the liberation of the “last girl” – that is to say,
focusing on the most marginalized individuals or people who are facing sexual and
domestic violence, allows us to see the solutions we need to benefit all people who face
violence. Recognizing the intersectional identities of individuals facing marginalization
creates the need for a broad approach. The Idaho Coalition against Sexual and Domestic
Violence states that social injustices “including patriarchy, sexism, racism, classism,
homophobia, transphobia, able-ism, religious discrimination, and anti-immigrant
sentiment” (Idaho Coalition Against Sexual and Domestic Violence, 2018) must all be
confronted as part of a strategy to fight gender oppression.
In the context of Orleans, there is a need to approach renewable energy
development in a way that acknowledges how the identities of Indigenous people
intersect with relation to energy justice issues, and to understand how intersectionality
shapes access to renewable energy for all individuals living in Orleans
Energy democracy, energy justice, and intersectionality are all important in
understanding the difference between energy transitions and transformations. In an article
criticizing solar geoengineering (a type of climate engineering which involves reflecting
solar radiation back into space to curb climate change) for prioritizing technocratic
intervention that strengthens existing forms of power, the authors note that:
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Transformation requires challenging, not reinforcing, current power structures
that have made it all too easy for billionaires and technocratic elites to focus on altering
the climate system rather than altering our social and economic systems. Investing in
solar geoengineering research not only detracts from efforts to accelerate transformation,
but also creates new pathways for the rich and powerful to have additional control as
climate impacts worsen. (Stephens & Surprise, 2020).
A transition describes a period of change from one state to another within the
same system. A transformation, however, implies the system itself has changed. A “net
zero” energy system, or a world powered by 100% renewables, does not necessarily lead
to more desirable societal or environmental outcomes than our current extractive, fossilfuel based energy system. Energy transformations, however, require changing the system
itself to create a new society where the benefits from renewable energy benefit everyone,
not just a select few. This requires not only transforming our energy systems, but our
social, political, and economic systems as well, both at large and small scales. At the
local level, this can be achieved by helping communities achieve energy sovereignty,
which “involves centering the inherent right of humans and communities to make
decisions about the energy systems they use, including decisions about the sources,
scales, and forms of ownership that structure energy access.” (Schelly et al., 2020)
An example of this is empowering communities to take control of their means of
energy production, such as a Karuk-owned and operated microgrid, serving most or all of
the local needs for energy services, and powered by renewable energy in Orleans, CA.
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Clean Energy Development in Kinship Time

I find it important to explain the framings through which I approached this work.
In addition to framing this research through energy transformations, I was also influenced
and inspired by Kyle Whyte’s concept of kinship time, as expanded below.
Dr. Kyle Whyte, enrolled member of the Citizen Potawatomi Nation and
professor of Environmental Justice at the University of Michigan, defines kinship as “the
qualities of the relationships we have with others'' (K. Whyte, 2020, p. 267). Of the many
facets of kinship, Whyte focuses on reciprocity, which is a long-term relationship where
each participant gives and receives gifts to and from each other, with a commitment to
mutually giving back, so that no gift-giver lacks the ability to continue providing gifts.
Kinship can be used to understand environmental injustice, in the sense that
colonial extraction disrupts the ability of human and non-human people and ecosystems
to maintain mutually beneficial kinship relationships.
In the essay “Time as Kinship”, Whyte draws the distinction between linear time
and kinship time. Whyte uses the analogy of a game of chess with or without a timer to
explain how experiencing climate change in linear time can create a sense of urgency and
lead to immediate, reflexive, and potentially harmful action:
“When a stop watch is winding down for myself to make a chess move, I narrow
the focus of my attention and fall back on taken-for-granted strategies without
time to question how I got them or whether they are even the best ones. I
experience feelings of stress (i.e. perilousness). If I lack experience in chess, a
timed game like speed chess can be extremely challenging. Whereas an untimed
game is different. The absence of a ticking clock opens up a wider range of
options to reflect on and the chance to question taken-for-granted strategies. If I
use our imagination further, I can imagine a chess game where I can consult
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others widely, take my long-term health seriously, and balance the game work
load with caretaking duties to my family and society.” (K. Whyte, 2021, p. 8)

This sense of a ticking clock can make people pursue climate solutions without
considering their responsibilities to others or the ways by which their solutions might
create harm, such as the failed TerraGen Wind project in Humboldt County, which
planned to install turbines on Bear River Ridge, a sacred site for the Wiyot Tribe. Rather,
Whyte states that
In kinship time—there’s no such thing as a climate change solution that first
determines technologically how to lower carbon footprint and then moves on to consider
whether it can be implemented consensually, reciprocally, or with high standards of trust.
(K. Whyte, 2021, p. 22)

So why does kinship time matter for microgrid development in Orleans? Pursuing
microgrid development in linear time follows the “transition” ideal type. Rather than
focusing on how to mend broken relationships and strengthen existing ones, linear time
microgrid development in Orleans could be just like the TerraGen wind project - a topdown approach that proceeds without the input of the Karuk Tribe, and in a way which is
actively harmful to them. If kinship time and kinship relationships are prioritized,
however, manifold possibilities open up for ways of development that focus on trust,
consent, and reciprocity over decarbonization or GHG reduction goals. Given the existing
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relationships of distrust between community members and PG&E5, developing
microgrids in kinship time could go a long way towards mending those relationships.
This approach to microgrid development could be a new model, one that centers kinship
time and kinship relationships, rather than urgency and large-scale climate goals.
Renewable Energy Transformations in Orleans

Panamnik, now known as Orleans, is located in the ancestral territory of the
Karuk Tribe, along the banks of the Klamath River in what is now known as northern
Humboldt County in the state of California. Figure 1 displays the Karuk Tribe’s ancestral
territory, which spans about one million acres along and around the Klamath river
between Bluff Creek and the Seiad Valley, and Figure 2 shows a view of Orleans taken
from the Gasquet-Orleans Road.

5

During interviews and in conversations with locals, it has become clear that many community members
distrust PG&E or their electricity bills, and are upset about the quality of their service and some of PG&E’s
initiatives, such as clearing a right of way around the Hoopa Feeder.
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Figure 1. Map of Karuk aboriginal territory. From (Karuk Tribe, 2008).
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Figure 2. Photo of Orleans taken from the Gasquet-Orleans Road.
The Karuk tribe has lived and thrived in this area for time immemorial, meeting
their cultural, spiritual, and physical needs through reciprocal relationships with other
Tribes (including the Yurok and Hoopa Valley Tribes) and non-human partners, such as
salmon, acorns, deer, or willow. During the California gold rush, miners, settlers, and the
military invaded Karuk territory, relocating entire villages and committing genocide,
killing three quarters of the Karuk people (Karuk Tribe Climate Change Projects, 2016).
In 1864, the United States government, having reneged on their treaty agreements with
the Tribe, ordered Tribal members to relocate to the newly created Hoopa Valley
Reservation. During and after this time, white settlers colonized the land and damaged
local ecosystems through overfishing, overharvesting, and fire suppression. Karuk people
who attempted to manage the land or perform cultural activities like setting fires were
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often shot. This forced exclusion of fire from the landscape had social, cultural, spiritual,
and health impacts on Karuk people, from changing forest ecology and people’s
relationship with the land, affecting the materials available for weaving and other cultural
practices, to reducing the availability of traditional Karuk foods (Norgaard, 2014).
Despite attempted genocide and the theft of their land and resources, Karuk people have
continued to live and resist settler colonialism in this area. The Karuk Tribe is the second
largest tribe in California, with 3,751 enrolled members, and starting in 1977 the Tribe
began purchasing tribal property back, consisting of 914 acres of trust land and 822 acres
of fee land reacquired as of 2020 (Karuk Tribe, 2020).
The 2010 census puts the population of the Orleans zip code (95556) at 605
individuals organized in 353 households (U.S. Census Bureau, 2010), of which 282
households pay electricity bills to PG&E (Pacific Gas & Electric, 2022d). Orleans is
located at the end of a primarily overhead 12 kV PG&E electrical feeder line known as
Hoopa 1101, which originates at a substation in Hoopa. Due to their location at the “end
of the line”, community members in Orleans experience power outages on a regular basis
from storms, landslides, climate fires, and PSPS events. A 2008 report commissioned by
the Karuk Tribe found that in 2006 and 2007, the Orleans area experienced 9.5 and 10.5
days without electricity, respectively (Karuk Tribe, 2008). According to PG&E, major
factors driving reliability performance are the remote mountainous terrain, overgrown
vegetation, overhead lines, and a lack of connectivity to nearby circuits (Pacific Gas &
Electric, 2019).
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The Hoopa 1101 feeder has also been designated as “deficient” in PG&E’s
Annual Electric Reliability Report. That is, it has appeared consecutively on the PG&E’s
Worst Performing Circuit List for at least two years. In 2016, the Hoopa 1101 circuit was
ranked as the fourth worst performing circuit on that list, with a three-year average of 5.7
mainline outages per year, and a three year average of 828 minutes of sustained outages
for the average customer on an annual basis (Pacific Gas & Electric, 2019). In addition,
using data from this report I estimated that from 2014-2018 customers on the Hoopa 1101
circuit experienced about 3.5 more outage minutes per year than the average PG&E
customer (Pacific Gas & Electric, 2019).
As noted in the Karuk Climate Adaptation Plan:
Functioning power lines are vital for daily tribal program operations, community
wellbeing, and other forms of critical infrastructure and emergency services, such
as food storage (refrigerators and meat freezers), air conditioning, air filters,
phone and internet communication systems. (Karuk Tribe, 2019)

In addition to its tenuous connection to the electrical grid, Orleans primarily relies
on importing fossil fuels to provide energy services. The main fossil fuels used in town
are gasoline and diesel for transportation and propane for cooking stoves and WHs. These
fuels must be trucked into Orleans at a high cost, generate local pollution in the form of
particulate matter, NOx, SOx, and volatile organic compounds, and generate GHG
emissions.
Rather than continuing to rely exclusively on fossil fuels for these services, this
research investigates the impacts of electrification on residential energy and utility bills,
community load growth, and the size of a solar PV array and battery for microgrid
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development. Besides improving local air quality and reducing utility bills, electrified
technologies tend to be more efficient than fossil fuels, generating energy savings and
reducing GHG emissions (Dennis et al., 2016). Additionally, large-scale electrification is
a key requirement for climate stabilization (McCollum et al., 2014; Sugiyama, 2012).
Electrifying transportation fuel and propane use in Orleans and replacing expensive fossil
fuel imports with a microgrid powered by local renewables such as solar PV or
hydroelectricity would meet local electricity reliability needs. This transformation would
also contribute to a decarbonized future where the Karuk Tribe can continue to thrive in
this area for generations to come.
As part of my research, I investigated the energy, household bill, and GHG
impacts of electrifying the use of transportation fuel and propane for transportation and
water heating. That is, replacing ICE vehicles with EVs, and replacing propane stoves
and WHs with HPWHs. Orleans receives abundant solar radiation, and this research
quantifies the size of the solar array required to meet the current electricity demand in
Orleans, in addition to the solar generation needed in the increasingly electrified future.
Local generation would transform community members in Orleans from energy
consumers into “prosumers”, or producer-consumers of their own electricity. This would
reduce the flows of fossil fuels and imported electricity into the community, reducing
local air pollution, lowering utility bill costs, and reducing GHG emissions.
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Potential Energy Futures: Electrification Milestones

Electrification has the potential to transform the transportation and water heating
sectors in Orleans. Typically, rural individuals drive much more than people from urban
areas. In California, the average annual vehicle miles traveled per driver increases from
10,600-12,700 for urban vs rural households and is also exacerbated by race. The average
annual vehicle mile traveled per driver for an Indigenous household in California is
28,000 (Federal Highway Administration, 2017). Since Orleans is located in a remote
area of the state and community members often drive long distances to the coast or
further inland to Happy Camp for groceries, they fall within the higher end of the driving
spectrum. Additionally, many households own or have access to several vehicles: a light
duty truck for hauling things like firewood or deer, and a smaller, more fuel-efficient
vehicle for longer trips.
Rather than being powered by fossil fuels, EV batteries are typically charged with
electricity from the grid, and the batteries are in turn used to power the motor. EVs run on
electricity, so they typically have lower life cycle emissions to similar vehicles running
on gasoline or diesel (US Department of Energy, 2019). The EIA projects that EVs will
make up 31% of the global light duty fleet by 2050 (U.S. Energy Information
Administration, 2021a), and some projections estimate that EVs will reach price parity
with ICEs by 2030 (Berckmans et al., 2017). In California, EVs made up 12.4% of all
new cars sold in 2021 (California Energy Commission, 2022b). However, research shows
that high income families purchased 40.4% of plug-in EVs in 2017, while middle income
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renters purchased 7.9% (Lee et al., 2019). As such, many of the benefits of EV adoption
are only available for more affluent individuals or for homeowners. Alongside higher
upfront costs, lack of physical access to charging infrastructure is a challenge for lowincome and marginalized populations who wish to take advantage of the benefits of EVs
(Hsu & Fingerman, 2021). Ensuring that individuals with low-incomes and those
experiencing marginalization have access to charging infrastructure and receive funding
to offset the higher initial costs of EVs is key to accomplishing equitable EV adoption
and required to achieve energy justice. Without widespread EV and low-emission
technology adoption by these individuals, California will not be able to achieve its GHG
reduction targets. As such, inclusive solutions are required to meet California’s climate
goals.
According to interviews with residents, most water heating in Orleans occurs via
propane boilers. Heat pumps are a technology that uses electricity to pull ambient heat
and move it from one place to another, using the same principles as a refrigerator. Heat
pumps are generally safer, cheaper and more efficient than other heating technologies
(Vekony, 2021). Heat pumps typically reduce ambient air pollution and GHG emissions
compared to heating technologies powered by propane, fossil gas, or other fossil fuels,
although reduction depends on how the electricity is generated (e.g. via renewables or
fossil fuels). While California’s 2021 Building Energy Efficiency Standards encourage
the installation of heat pumps in new single- and-multi-family homes (California Energy
Commission, 2022a), heat pumps remain an expensive option for retrofitting existing
homes where a propane water heater already resides, especially if the retrofit requires
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upgrading the electric panel (Alstone et al., 2021). However, heat pumps are a good
option for replacing propane boilers that have reached their end of life, or when building
new homes.
In this research, I explore how various electrified futures could transform energy
use in Orleans. California has set forth ambitious decarbonization and electrification
goals, including Senate Bill 100, which mandates 100% renewable and carbon free retail
electricity sales by 2045 (Senate Bill 100, 2018) and Executive Order N-79-20, which
requires that 100% of new cars and passenger trucks sold be zero emission by 2035
(Executive Order N-79-20, 2020). Given these electrification mandates, transportation
and hot water electrification of some sort in Orleans is a given. However, given the
current state of electricity reliability in Orleans, if electrification was pursued, then the
next time the power goes out then folks would not only lose their critical energy loads,
but their ability to travel and heat water as well. As such, the pace at which community
members choose to adopt electrified technologies in Orleans could be partly contingent
on a reliable electrical grid, or on a renewable-powered microgrid. This is an important
trade-off associated with electrification, but one that can be mitigated through proper
sizing and deployment of a microgrid powered by local renewable energy.
I explore four different milestones on the pathway to 100% electrification, which
range from zero electrification of transportation and water heating, to those sectors being
fully electrified. In the base-case, or business as usual (BAU) milestone, all transportation
and water heating remains powered by fossil fuels. In the 25% milestone, a quarter of the
miles driven in Orleans and a quarter of water heating is electrified. In the 50%
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milestone, half of the transportation sector and water heating is electrified. Finally, in the
100% milestone, all transportation and water heating is electrified. These milestones are
presented in Table 1:
Table 1. Milestones towards electrification in Orleans.
Milestone Vehicle Electrification (%) Water Heater Electrification (%)
BAU
0
0
25%
25%
25%
50%
50%
50%
100%
100%
100%

Microgrids

California State Bill 1339 defines a microgrid as:
An interconnected system of loads and energy resources, including, but not
limited to, distributed energy resources, energy storage, demand response tools, or
other management, forecasting, and analytical tools, appropriately sized to meet
customer needs, within a clearly defined electrical boundary that can act as a
single, controllable entity, and can connect to, disconnect from, or run in parallel
with, larger portions of the electrical grid, or can be managed and isolated to
withstand larger disturbances and maintain electrical supply to connected critical
infrastructure. (State Bill 1339, 2018)
Essentially, the name says it all – a microgrid is a “micro” grid, which performs
all the same functions as the “macro” grid, but at a smaller scale. Microgrids are often
composed of five major components: an energy supply system, energy storage capacity,
demand response measures, energy management systems, and a grid interconnection. The
energy supply can come from distributed renewables like solar PV, wind, micro-hydro or
a biomass plant, fossil gas, a fuel cell, or a diesel emergency generator. Batteries or
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thermal storage, in addition to providing intermittent renewable energy storage capacity,
can reduce electricity costs through arbitrage in addition to providing voltage regulation
services. Demand response measures allow the microgrid to “shed” demand during
periods of grid strain or while islanded, better matching power supply and demand.
Energy management systems help balance the supply and demand in the microgrid and
provide forecasts for future analysis. Finally, unless the microgrid is in a remote site and
isolated from the grid, a utility interconnection provides a coupling with the grid. This
allows the microgrid to provide ancillary services to the grid, support voltage regulation,
and manage excess distributed renewable generation. It also allows the microgrid to draw
power from the grid when its own energy supplies are not sufficient to meet electricity
consumption.
Edison’s Pearl Street Station, which served 82 customers and powered 400 lamps,
could be described as the first microgrid (Cohn, 2019). College campuses and military
bases have been using microgrids for decades, taking advantage of combined heat and
power technology and predictable loads to easily integrate the technology with the
existing grid. In fact, the University of Texas at Austin has one of the biggest microgrids
in the U.S., which fulfills all of the university’s electricity and HVAC needs (Cohn,
2019).
Microgrid technology first emerged to meet reliability needs, ensuring critical
power infrastructure remained operational even if the main grid went down. Because of
this, most microgrids are primarily fueled by fossil fuels - as of 2019, fossil fuels
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accounted for 86% of installed microgrid generation capacity in the U.S (Wood
Mackenzie, 2020).
However, over the years, more applications have emerged – such as reducing
carbon emissions, lowering electricity costs, increasing renewable deployment, and
stabilizing the “macro” grid. In California, a key application of microgrids is providing
lifeline energy needs during wildfire-related power shutoffs. During grid blackouts or
utility-mandated public safety power shutoff events, microgrids can “island”, or
disconnect from the grid, continuing to provide power to homes and essential
infrastructure. These are common occurrences in Orleans, and the ability for a renewablepowered microgrid to island could ensure a more reliable and resilient electricity system
for community members.
Additionally, microgrids can help meet renewable portfolio standard goals and
reduce GHG emissions. In California, many microgrids are powered by a mix of
renewable energy and diesel fuel for backup generators. A DOE survey of nine
microgrids in California revealed their resource mix to be 88% renewable energy, with
diesel fuel for generators making up the remainder (Asmus et al., 2018). This is
juxtaposed to the California grid as a whole, which is powered by nearly 50% renewable
energy if including large hydropower, according to the U.S. Energy Information
Administration’s (EIA) state energy profile analysis (U.S. Energy Information
Administration, 2020). However, the same DOE study surveyed six global microgrids
and found that diesel provided 60% of the microgrid capacity (Asmus et al., 2018). Using
diesel fuel to power microgrids increases ambient air pollution and further exacerbates

29
climate change. As such, there is increased recognition for the need to develop
renewable-powered microgrids utilizing a combination of renewables, battery storage,
with diesel generators as a last-case failsafe.
At their core, microgrids provide grid reliability and resiliency. Beyond that, they
offer a variety of benefits, both sociocultural and economic, at the state and local levels.
Community-Level Microgrid Benefits
At the community level, renewable-powered microgrids can provide a variety of
benefits, including electricity system reliability and resilience, disaster preparedness,
increasing the amount of renewables on the grid, and GHG emissions reductions (Carter
et al., 2019)
During wildfires, the main benefit of a microgrid is that it can provide lifeline
energy needs during utility shut offs or if the grid loses power. Especially for individuals
with acute medical needs, access to electricity can be the difference between life and
death. Beyond providing lifeline energy needs, microgrids improve resilience and can
improve disaster preparedness, since internet/communications which would otherwise
have been lost due to power shut offs remain available. Renewable-powered microgrids
reduce the need for diesel generators, avoiding additional air pollution during wildfire
events and reducing reliance on fossil fuels.
State-Level Microgrid Benefits
At the state level, microgrids can increase resilience of electricity services, in
addition to providing ancillary services such as voltage regulation. Future goals include
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supporting the deployment of high concentrations of distributed energy resources on the
grid, and helping meet GHG reduction goals (State Bill 350, 2015; State Bill 100, 2018).
State Bill 1339, enacted in 2018, requires the California Public Utility
Commission (PUC) to facilitate microgrid commercialization for customers of large
utilities. Among other things, this requires four components: 1) rates, tariffs, and rules; 2)
removing barriers for microgrid deployment in large investor-owned utility service
territory; 3) doing so without shifting costs to customers who do not benefit from these
systems, and 4) prioritizing worker and public safety along with system safety and
reliability (State Bill 1339, 2018).
Microgrids often integrate a variety of intermittent renewable generation,
demand-responsive loads, and energy storage systems, collectively known as distributed
energy resources (DER). What holds them apart from other DERs, like rooftop or
commercial-scale solar, is that microgrids can balance generation and demand at the local
level, rather than simply adding power to the grid when the sun is shining.
Microgrids can have one or multiple points of interconnection with the
distribution system, allowing them to manage the generation and demand locally, within
the microgrid. Microgrids manage local renewable intermittency by coordinating battery
storage, demand response technology, and backup generators. This allows microgrids to
control and smooth intermittent renewable generation, effectively allowing for increasing
amounts of renewables on the grid if these coordination and control services are
recognized by utility operators as ways to increase hosting capacity (Villarreal &
Erickson, 2014).
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During grid outages or periods of high demand, microgrids can “island”, reducing
strain on the grid. During several periods when there was high demand on the California
grid in the summer of 2020, the Blue Lake Rancheria microgrid voluntarily islanded
during peak hours, reducing demand on the grid (Office of Indian Energy Policy and
Programs, 2021). Finally, as discussed above, microgrids powered by renewables could
reduce GHG emissions, since those resources emit less than the California grid.
Economic Benefits
Quantifying the economic benefits of microgrids is difficult since many of these
are intangible. Through a case study of Humboldt County’s Blue Lake Rancheria
microgrid, I provide some quantifiable economic and environmental benefits, in addition
to more unquantifiable ones.
The Blue Lake Rancheria Microgrid in Humboldt County was developed through
collaboration between the Blue Lake Rancheria Tribe, Schatz Energy Research Center,
PG&E, and other suppliers and contractors (Carter et al., 2019). It integrates 420 kW of
solar PV and 1,150 kW / 1,950 kWh of battery storage with traditional fossil-fuel
generators, serving administrative and commercial buildings at Blue Lake Rancheria.
Figure 3 displays the main components of the microgrid, and Figure 4 is a photo of the
Blue Lake Rancheria Microgrid.
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Figure 3. Main components of the Blue Lake Rancheria microgrid (Schatz Energy
Research Center, 2019). This figure displays the original battery power and
capacity, before it was more than doubled in 2019.
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Figure 4. Photo of the Blue Lake Rancheria microgrid (Schatz Energy Research Center,
2019).
The PV and battery storage integration relegates the diesel generator to a backup
role, reducing the frequency of their use. The project creates $200,000 in yearly energy
savings, can island during fires or other grid outages, and avoids 175 tons CO2e / year
(Carter et al., 2019).
During a public safety power shutoff event in 2019, BLR provided critical
services, including a safe, warm community space, cell phone charging and internet
access, fuel delivery, and housing for people whose medical needs require access to
electricity. The microgrid served about 10,000 people during the power shutoff (~10%
Humboldt County’s population), and was credited with saving the lives of people with
acute medical needs (Cheli, 2019; Maloney, 2019).
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Additionally, in the final project report, researchers identified tangible non-energy
benefits that cannot adequately be quantified, including reliability, public safety, job
creation, market potential, and economic development, which I will expand upon below
(Carter et al., 2019).
Reliability: Having a microgrid significantly improves reliability of the electric
system, especially considering Humboldt County experiences more frequent and
lengthier power outages than most other areas in California (Carter et al., 2019). During
outages, the microgrid supplies power to connected buildings and supports critical
infrastructure. Additionally, solar PV and storage reduces the Tribe’s reliance on fossil
fuels (specifically diesel) to power their generators.
Public safety: Blue Lake Rancheria operates an American Red Cross emergency
shelter, and during blackouts the microgrid supports continuity of service. During the
2019 PG&E PSPS event described above, the service of providing reliable power was
credited for saving the lives of people with acute medical needs.
Job creation: Thanks in part to savings created by the microgrid, the Blue Lake
Rancheria was able to create new clean energy jobs, hiring folks to operate and maintain
the microgrid (Carter et al., 2019).
Economic development: The microgrid dramatically lowers the cost of energy
for the Tribe ($200,000 per year) and has increased job creation. The project contracted
with six small businesses, and researchers estimated the project created $9,450,000 in
economic benefits, both induced and indirect to the state, regional, and local economy
over the course of the project (Carter et al., 2019).
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As exemplified above, microgrids provide a plethora of non-energy benefits in
addition to energy services. Blue Lake Rancheria is just one, relatively small microgrid.
Schatz Energy Research Center researchers have estimated that California has 1,188
technically and economically viable sites for microgrid development, with an aggregate
capacity of 7,450 MW (Carter et al., 2019). At scale, microgrids implementation can
provide significant social, economic, and environmental benefits to the state of
California.
Funding Opportunities
Microgrids are an emerging technology, and as such the costs associated with
development remain high, at around $2.1 million / MW of DERs installed for community
microgrids (Giraldez et al., 2018). Additionally, many of the vulnerable communities that
would most benefit from a renewable-powered microgrid, such as Orleans, cannot access
the financing to develop a microgrid on their own. As such, there exists a need for
external funding opportunities to enable vulnerable communities to benefit from
microgrid development.
In 2021, the CPUC approved $200 million towards the Microgrid Implementation
Program (MIP) and $80 million towards PG&E’s Community Microgrid Enablement
Program (CMEP), which provide funds for clean energy microgrids that support the
critical needs of vulnerable communities (California Public Utilities Commission, 2021).
I want to acknowledge the tension inherent to leveraging this funding - that to
operate a microgrid “beyond the state”, Indigenous nations such as the Karuk Tribe must
first rely on the Californian settler-state funds. I do not have a good answer to this,
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beyond the fact that California's funds stem from the theft of Indigenous peoples
resources. As such, California is responsible for providing funds (and eventually giving
all the land back) to Indigenous groups for these kinds of projects.
MIP will provide up to $15 million per project for the generation assets, battery,
engineering, and other design costs, while CMEP covers the cost of safely islanding the
project, including equipment such as isolation devices, the microgrid controller, and fault
protection / hardening devices, up to $3 million per project (Pacific Gas & Electric,
2022a). Between both programs, there is up to $18 million available for vulnerable
communities interested in owning and operating a renewable powered microgrid.
Both programs share the same eligibility requirements, which are summarized in
Table 2, along with the reasons a microgrid in Orleans would meet those requirements.
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Table 2. MIP & CMEP eligibility requirements and match with Orleans case. From
(Pacific Gas & Electric, 2021).
Requirements
Located in Tier 2 or 3 High Fire Threat
District, or be in an area previously impact
by a PSPS event, or in an area “prone to
outages”6

Match with Orleans Case
According to the CPUC’s High Fire
Threat District, the community of
Orleans is partially located in a Tier 2
district, as shown in Figure 5.

Meets the needs of at least one “critical
facility7”, and at least one additional
customer
Exporting resources cannot exceed 20 MW

Orleans has several Critical Facilities,
such as the fire station, elementary
school, and clinic.
The solar PV array would not generate
more than 5 MWAC
The Karuk Tribe could provide a letter of
interest

Application requires a letter of interest
from a local government, Tribe, or
Community Choice Aggregator with
jurisdiction over the area

Defined as “the top 1% Worst Performing Circuits excluding Major Event Days, from PG&E’s Annual
Electric Reliability Report in the AIDI or AIFI category, in either of the last 2 years.” (Pacific Gas &
Electric, 2021)
7
Critical facilities include facilities such as hospitals, fire stations, and water providers (Pacific Gas &
Electric, 2022b).
6
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Figure 5. Fire risk around Orleans, CA. Yellow shading indicates Tier 2 risk. Adapted
from (California Public Utilities Commission, 2022).
The CMEP timeline involves several stages, as outlined in the CMEP Resiliency
Planning Guide. These include vetting, solution assessment, and solution execution
(Pacific Gas & Electric, 2021). The CMEP process is expected to take between nine
months to two years (Pacific Gas & Electric, 2021).
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CHAPTER 3. METHODS

Given the context provided in the previous chapters, and the Karuk Tribe’s
interest in deploying a renewable powered microgrid in Orleans, a set of questions
naturally arises, which my research aims to answer:
-

What are the cultural and social priorities of community members enrolled

in the SAFE study, and what structural barriers do they identify related to renewable
energy adoption and decarbonization?
-

What types of energy are currently used to provide energy services in

Orleans, and what are the main categories of energy demand?
-

How does the electrification of transportation and water heating change

the energy landscape in Orleans?
-

What are the impacts of different electrification milestones on household

utility bills, and how much would it cost the average household to electrify their
transportation or water heating?
-

How would GHG emissions change with increased electrification and a

renewable transformation?
-

How big of a solar PV array and battery are necessary to reliably meet

electricity demand in Orleans now and in an increasingly electrified future, and how
much would they likely cost?
This chapter explains the methods by which I attempt to answer the previous
questions. I begin by explaining the methodology used for interviews with community

40
members. These interviews were used to get a rough estimate of how much electricity,
gasoline, propane, and wood community members use to meet their energy needs, which
were used as the initial inputs for my energy model, in addition to determining
community priorities related to electricity reliability and renewable energy. Next, I
describe the energy demand model I developed to estimate household and communitywide energy sources and end uses, the load shape model I developed to estimate hourly
electricity demand, and explain how I modeled increasing levels of electrification. Next, I
describe how I estimated current and future utility bills and the costs associated with
purchasing an EV or a HPWH. I then explain how I estimated the size and cost of the
solar PV and battery storage required for a resilient microgrid. Finally, I describe how I
modeled GHG emissions for each energy source. Figure 6 shows how these different
methods fit together.

Figure 6. Conceptual diagram showing the methods used for this research.
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Interviews & Energy Audits

As part of the broader SAFE project, there is a study to better understand the
impacts of air purifiers on household air quality and needs for resilient energy systems in
households. This air and energy study enrolled nine households in Orleans.8 Households
were recruited in consultation with our KDNR partners, with the aim of including a wide
range of different homes (e.g. tribal housing, stand-alone homes, old / new, on / off grid),
and household types (e.g. elders, single generational / multigenerational, Indigenous /
settler). Our households are not statistically representative of Orleans as a whole.
For the purposes of my research, I focused on interviews with study participants
we conducted during the summer and fall of 2021. Study participants agreed to be
interviewed when signing up for the research project, and consent was asked for again
prior to each interview. These interviews occurred after an energy audit of each home,
and aimed to determine how much electricity, gasoline, propane, and wood the typical
household uses, and to identify existing cultural and social priorities related to energy in
Orleans, in addition to key structural barriers to renewable energy adoption and
electrification.
Our team conducted open-ended interviews as part of this study as well, asking
participants about their experiences with smoke, air, fire, and energy. The questions were
framed in as open a way as possible, using phrasing such as “What do you think is

8

IRB number 20-165.
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needed in your community with respect to energy systems?”. The audio for each
interview was then transcribed, and another researcher9 on the SAFE team tabulated the
themes that stood out from each interview.
In addition, quantitative data from the energy audits were used to corroborate
some of my model’s assumptions. For example, as part of the energy audit, we asked
study participants how much they spent on electricity, gasoline, propane, and wood in a
given month, and how much of each fuel they used. I compiled these results and
computed the range of and average utility bills across all households, and used these to
inform and provide a point of comparison with some assumptions of energy consumption
for my energy model, as explained in the next section.
Energy Demand Model

The overall goal of the model is to estimate the overall level of demand in the
current day for primary energy and fuels, and to estimate the potential increase in
electricity demand if fossil fuel equipment is switched to electric options. The methods
for each fuel type are described below, along with key background data that I gathered to
support estimates of the baseline energy use.
Electricity, firewood, propane, and transportation fuel demand were modeled at
the residential and commercial scale to meet various electrification milestones, from the

9

Webster Ross, fellow ETaP Student & SAFE researcher extraordinaire.
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current business as usual (BAU) to 100% electrification of light duty transportation and
WHs.
Electricity
Residential and commercial electricity demand were calculated using publicly
available datasets from PG&E (Pacific Gas & Electric, 2022d). These data include
average monthly electricity usage aggregated by zip code for residential, commercial, and
agricultural customers. The Orleans zip code (95556) was used for this analysis. As
Figure 7 shows, this zip code covers the majority of households that live in and around
Orleans.

Figure 7. Map of the 95556 zip code.
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While electricity consumption varies seasonally due to changes in weather
patterns, for this analysis I assumed a constant monthly consumption because of a lack of
data points for the commercial sector in the PG&E dataset. Table 3 shows the average
monthly commercial and residential electricity consumption in Orleans (95556), Willow
Creek (95573), and Hoopa / Weitchpec (95546) from 2019-2021. Average electricity
consumption in Orleans is lower than in Willow Creek and Hoopa / Weitchpec for both
the residential and commercial sectors.
Table 3. Average monthly residential and commercial electricity use for selected zip
codes (2019-2021).
Location
Residential (kWh) Commercial (kWh)
Orleans
570
2,600
Willow Creek
820
3,060
Hoopa / Weitchpec
679
4,060

Average monthly residential electricity usage for Orleans was multiplied by 12
months and by the number of residential customers (282 in 2021) to estimate total yearly
residential electricity demand. Average commercial electricity usage for Orleans was
multiplied by 12 months and by the number of commercial businesses (39 in 2021) to
estimate total yearly commercial electricity demand.
The electricity consumption data provided by PG&E is averaged monthly, but
since actual electricity demand varies seasonally and is based on the time of day, I
generated a hourly load shape for Orleans based on average monthly residential and
commercial electricity consumption. This was done by combining household and
commercial load shape data from NREL’s End Use Load Profiles for the U.S. Building
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Stock (Wilson et al., 2021) and scaling them to total monthly residential and commercial
electricity consumption. The yearly load shape I generated is shown in Figure 8.

Figure 8. Orleans yearly load shape model.
I use this load shape to estimate how the load in Orleans changes with different
levels of EV and HPWH adoption, and as an input for NREL’s ReOpt tool to estimate
how many days of autonomy (DOA) various combinations of solar PV and battery
storage provide. These estimates are compared to an approach based on my energy
model, which estimates the size of the solar PV array and battery storage based on
average daily electricity demand and average daily solar generation, which is further
explained in the section on solar PV and battery sizing.
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Gasoline and Diesel
It is challenging to estimate gasoline and diesel consumption in a rural area with
unique travel needs. In this analysis I estimate blended total gasoline and diesel fuel
consumption rather than attempting to separate them, and I refer to this blend as
transportation fuel. I assumed a blended estimate of ⅔ gasoline to ⅓ diesel for my
transportation fuel calculations, which is based on the ratio of gasoline to diesel sales at
the Orleans gas station (C. McLaughlin, pers. comm., 2021).
For this analysis, I use two parallel methods to estimate fuel consumption. The
first is a bottom-up estimate from total miles traveled and average fuel economy, while
the second is top-down, extrapolating from total fuel sales at the Orleans gas station.
The first method estimates total transportation fuel consumption based on an
approach that combines total estimated miles traveled with fuel economy.
𝐹𝑢𝑒𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 𝑉𝑀𝑇 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑉𝑒ℎ𝑖𝑐𝑙𝑒𝑠 ∗ 𝐹𝑢𝑒𝑙 𝐸𝑐𝑜𝑛𝑜𝑚𝑦

Equation 1

Where VMT is defined as “the total movement in miles of one privately operated
vehicle, regardless of the number of people in the vehicle” (Federal Highway
Administration, 2017).
VMT varies widely in California based on an individual’s race or if they live in an
urban or a rural area. For example, VMT ranges from 10,600 miles per year for an urban
white household, to 28,000 miles per year for a rural indigenous household (Federal
Highway Administration, 2017).
Orleans is located in a remote area of the state and community members often
drive long distances to the coast or Happy Camp for groceries and other needs such as
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health care. Based on results from interview questions on participant’s driving habits and
estimated monthly gasoline bills, I assumed a VMT of 24,000 miles per year.
Next, I determined the number of vehicles in Orleans using California’s vehicle
count by zip code dataset (California Department of Motor Vehicles, 2021). These are
relatively good estimates of the total number of vehicles registered, assuming the state
database is up to date. Next, I estimated the types of vehicles driven in Orleans. Based on
several surveys of the ratio of trucks to passenger vehicles located in and around town, I
estimated a ratio of trucks to cars of 9:1. However, in conversations with locals, it
became apparent that many households own or have access to several vehicles: a light
duty truck for hauling things like firewood or deer, and often a smaller, more fuelefficient passenger car for longer trips. Because our study participants noted that they
tend to drive more fuel-efficient vehicles when going on longer trips, I assume that more
miles are driven in passenger cars than in trucks. Based on my surveys, I assumed a ratio
of passenger car to truck miles of 4:1. While this ratio might seem high, it has a low
impact on my model (a 4:1 ratio results in a 4% lower transportation fuel consumption
than a 2:1 ratio). From this ratio, I generated a “blended” fuel economy for the average
vehicle in Orleans using the U.S. average light duty fuel economy for passenger cars and
light duty trucks (United States Bureau of Transportation Statistics, 2019).
Finally, I had to estimate the ratio of residential to commercial vehicles. After
several field visits to Orleans, the only obvious non-residential vehicles I observed were
those owned by the Karuk Tribe. Based on a survey of the number of official Karuk Tribe
vehicles parked at KDNR over several visits, and adding a contingency factor to account
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for vehicles owned by other businesses, I assumed that 90% of the vehicles in Orleans are
used for residential purposes, and 10% for commercial purposes.
My second method estimates fuel use by extrapolating from transportation fuel
sales at the Orleans gas station. I first spoke with the Orleans gas station owner and asked
them how much gasoline and diesel they sell on a yearly basis: approximately 136,000
gallons of gasoline and 70,000 gallons of diesel (C. McLaughlin, pers. comm., 2021).
Next, because many community members purchase fuel outside of town (e.g.
Weitchpec, Happy Camp, Hoopa) because transportation fuel prices are relatively higher
in Orleans, I assumed that the transportation fuel sold in Orleans accounts for
approximately one third of the total transportation fuel consumed in Orleans.
Additionally, because not all transportation fuel in Orleans is used for transportation, (e.g.
gasoline or diesel powered generators), I assumed that 80% of the transportation fuel sold
is used for transportation.
Based on these calculations and a VMT of 24,000 miles per year, my first method
estimated annual transportation fuel consumption of 414,000 gallons, while my second
method estimated 400,000 gallons per year.
Propane
Propane has many uses, including powering heaters and cookstoves, but based on
conversations with community members we identified the main end-use for propane in
Orleans: powering WHs. There are three primary propane distributors for Orleans:
Amerigas, Campora, and the Patriot gas station. Residential propane consumption was
estimated by reaching out to several propane vendors in town and extrapolating from
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their sales numbers. Clifford McLaughlin, who owns the Patriot gas station, estimates
that he sells 8,400 gallons of propane a year to community members in Orleans (C.
McLaughlin, pers. comm., 2021). Todd Wright, the general manager of Campora in
Willow Creek, estimates their annual residential and commercial propane sales to Orleans
at 74,000 gallons and 40,000 gallons, respectively (T. Wright. pers. comm., 2021).
Amerigas was not willing to share their sales numbers, but since the Campora
representative I spoke with said they had a slight majority of the market in Orleans, I
assumed a 50/50 market share between Amerigas and Campora. Combining these led to
an annual consumption estimate of 152,000 gallons of residential propane and 84,400
gallons of commercial propane in Orleans.
Wood
Firewood use in Orleans is mainly related to home heating. Indigenous people in
this area have used firewood as a source of heat and for cooking for time immemorial,
and it remains an important, and significant source of energy in Orleans. Residential
wood consumption was estimated at 3.6 cords of wood per year using the 2015
Residential Energy Consumption Survey (U.S. Energy Information Administration,
2015). This estimate closely resembles the results of annual wood consumption (3.7 cords
of wood per year) from a 2007 home energy audit conducted by the Schatz Energy
Research Center for the Yurok Tribe, which is located in the same general geographical
area and whose members use wood in a similar fashion to the Karuk (Zoellick & Engel,
2007). Wood use is assumed to remain constant through the milestones, as it is a
relatively affordable, local and abundant source of energy that Karuk tribal members
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have been using for generations as a source of heat, and replacing wood stoves with
HPWHs would increase their energy bills and impact their way of life.
Modeling Electrification Milestones

I estimated the increased electricity demand from replacing ICEs with EVs by
estimating a “blended” kWh / mile for the average vehicle mile driven in Orleans, and
multiplying this by the total miles being offset by EV adoption to determine the amount
of electricity needed to meet increased EV adoption in Orleans.
I calculated the “blended” kWh / mile for the average vehicle mile driven by
combining an estimate of the energy efficiency of the Ford F-150 Lightning (0.5
kWh/mile) and the energy efficiency of the average light duty EV (0.3 kWh / mile), using
the same 4:1 ratio of passenger car to light duty truck miles driven I used for estimating
transportation fuel consumption (Union of Concerned Scientists, 2021; U.S. Department
of Energy, 2022b). This allowed me to estimate how much electricity the average EV
would require to drive the same number of miles as an existing ICE vehicle.
The additional electricity demand from electric water heating is estimated
similarly, based on switching from existing fossil fuel to new electric loads. I estimated
BTU of electricity consumed by a HPWH based on BTU of original fuel consumed by
using the following formula:
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐵𝑇𝑈 = 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐹𝑢𝑒𝑙 𝐵𝑇𝑈 ∗ 𝜂 / 𝐶𝑂𝑃

Equation 2
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Where 𝜂 denotes the existing boiler efficiency, estimated at 80%, and a heat pump
Coefficient of Performance (COP) of 3.5.10
Using Equation 2, the resulting increases in electricity consumption were
calculated for 25%, 50%, and 100% HPWH adoption.
To model the impacts of EV charging and HPWHs on Orleans’s overall load
shape, I added these additional loads for each electrification milestone to the status quo
Orleans load shape. The estimated relative load shape for EV charging came from 2021
light duty vehicle charging load shape data from the California Energy Commission 2021
Integrated Energy Policy Report (California Energy Commission, 2021), which I scaled
to match the increase in electricity consumption for each electrification milestone. There
were not any suitable HPWH load shape profiles available, so I assumed that the load
shape for HPWHs would closely match the load shape from fossil gas consumption for
water heating (Frick et al., 2019). As such, I used the load shape for fossil gas water
heating and rescaled that to match the increase in electricity consumption for each
electrification milestone. The load shapes for EV charging and water heating are included
in Appendix A
These new electric loads are used to estimate the impacts of electrification on a
range of metrics that matter for considering renewable transformations: typical household
energy bills, total greenhouse gas, the fraction of primary energy served with local

10

Based on a hot water temperature of 140°F and outside air temperature of 35°F.

52
resources (wood and solar), and the DOA a renewable-powered microgrid could provide
Orleans.
Impact of Electrification on Energy Bills

The impact of electrification on household energy bills is an important metric
because energy bills can make up a significant portion of household income. As such, it
is important to model how energy bills change with electrification of transportation and
water heating. Said another way, it is important to estimate if the increase in electricity
bills from EV and HPWH adoption are offset by lower gasoline, diesel, and propane bills.
I chose to model the impact of electrification on energy bills for the residential
sector only. This is due to a variety of factors, including the small sample size of
businesses and the greater heterogeneity of energy usage patterns across business types.
In other words, one business might consume electricity at different times, use energy at a
different scale, or use different energy sources from any other business (e.g. Orleans
Elementary vs. the Orleans Medical Clinic, vs. the U.S Post Office), making the
“average” commercial energy bill less meaningful for determining how much an actual
business spends on energy. On the other hand, households tend to exhibit more
homogenous patterns of energy use, and the larger sample size of households makes for a
more realistic average residential energy bill.
To model the impact of electrification on residential utility bills, I calculated the
cost of electricity, transportation fuel, and propane for each milestone. For electricity, I
used the average bundled rate from PG&E’s E-1 residential schedule ($0.3087/kWh), and

53
PG&E’s E-1 California Alternate Rates for Energy (E-1 CARE)11 schedule
($0.2008/kWh)12 (Pacific Gas & Electric, 2022c). Based on current (circa 2022) local
prices in Orleans, I used a price of gasoline of $5/gallon, and a propane cost of
$2.3/gallon.
Increasing electrification typically reduces energy bills due to the much more
energy efficient nature of HPWHs and EVs, overcoming the price disparity between
electricity and fossil fuel (where typically electricity costs more per unit of energy).
However, the cost of the HPWH retrofit and cost of the EV and charger must be
accounted for to paint a fuller picture of household financial impacts. To do so, I
balanced these costs with the estimated energy bill savings from EV or HPWH adoption
for a typical household.
According to Kelly Blue Book, the average transaction price for a new EV is
$56,000, 20% higher than the transaction price for a new ICE vehicle, $46,000 (Sean
Tucker, 2021).
For EV adoption, I estimated the savings and payback period for a household
purchasing a typical EV to replace a portion of VMT. Since there is on average one and a
half cars per household, I performed the calculations based on a “per mileage” basis,
rather than a “per vehicle” basis, and assumed that one EV could replace ⅔ of the VMT,

11

PG&E provides a monthly discount (34.96% for electricity for this particular rate period) for low-income
customers enrolled in the CARE program.
12
These rates were used from January 1st, 2022 to February 28, 2022.
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or one car’s worth of miles - the remaining ⅓ of VMT would continue to be driven with
an existing ICE vehicle.
I balanced the cost of the vehicle and cost and installation of a level-213 charger
against the federal income tax credit for new all-electric or plug-in hybrid cars,
California’s Clean Vehicle Rebate Project, California’s Clean Vehicle Assistance
Program, PG&E’s Clean Fuel Reward Program, and utility bill savings to determine the
payback period for the vehicle and charger (California Clean Vehicle Rebate Project,
2022; Clean Vehicle Assistance Program, 2021; New West Technologies, LLC, 2015;
Nissan, 2022; Pacific Gas & Electric, 2022e; U.S. Department of Energy, 2022a). Table 4
shows the value of each item in the cost / benefit analysis. Because not every household
can qualify for every benefit based on income or availability, this cost-benefit analysis
provides a best-case estimate for the payback period for transitioning to an EV.
Table 4. Value of costs and benefits for EV adoption. Costs are presented in parentheses.
Cost / Benefit
Value ($)
Average New EV Price
(56,000)
Level-2 Charger
(400-6,500)
Level-2 Charger Installation
(600-12,700)
Federal Tax Credit
7,500
CA Clean Vehicle Rebate Program
2,000
CA Clean Vehicle Assistance Program
5,000
CA Clean Vehicle Charging Grant
2,000
PG&E Clean Fuel Rebate
800

13

Level-2 units charge faster than a 110-volt level-1 charger, but can necessitate electrical upgrades
because they require 240-volt outlets.
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Given that new vehicles are significant investments, I also estimated the lifetime
costs of a typical used EV ($33,700) and charger over a typical used ICE vehicle
($27,000) and determined the expected lifetime savings over the 10 year lifespan of a
used vehicle. Because used EVs are not eligible for many of the incentives available for
new EV purchases, I balanced the cost of the vehicle and cost and installation of a level-2
charger against expected utility bill savings to determine the payback period for the
vehicle and charger.
I performed a similar calculation for HPWHs, estimating the savings and payback
period for a household purchasing a residential electric HPWH, and estimated the
lifetime costs for a typical HPWH against a typical WH. I balanced the cost of purchasing
and installing a typical 50 gallon residential HPWH against utility bill savings to
determine the payback period. A recent report estimates the installed cost of a
conventional WHs and HPWHs as ranging between $1,300-4,000, and $1,700-6,000,
respectively (Alstone et al., 2021)
The bottom line metrics that are used to assess the financial impacts on
households are:
-

Change in electric bills for a household on standard E-1 rate and E-1 CARE rate

-

Comparison of electric bill savings to premium paid for EVs (new and used) and
charging infrastructure

-

Comparison of electric bill savings to premium paid for HPWH
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Solar Photovoltaic & Battery Sizing

For each milestone outlined above, I determined the size of the solar array and
battery required to meet community-wide electricity demand. First, I estimated horizontal
solar irradiance in Orleans using NREL’s PVWatts tool. Next, I used the Klein &
Theilacker to account for the effect of collector azimuth angle and panel tilt angle on the
solar resource (Klein & Theilacker, 1981). Using this method, the most consistent
monthly solar resource was determined to occur at a 40° panel tilt and facing due south,
as seen in Figure 9.

Figure 9. Available solar radiation in Orleans horizontally and at various tilt angles.
To estimate the size in MWDC of a solar system that meets total annual demand in
Orleans for various milestones, I divided the average daily load by 5 daily sun hours, the
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“worst” solar resource at 40° tilt, which occurs in December, and multiplied this by a
0.85 derate factor. The physical area of the resulting array was estimated from Ong et al.,
who provide an estimate of 7.614 acres of total land use per MWAC for utility-scale solar
arrays (Ong et al., 2013).
I also wanted to design a PV system that is resilient to wildfire smoke, as the
particulate matter generated by wildfires can obstruct solar radiation and impact PV
generation. One study in Australia found that a local controlled burn reduced global
irradiance by 6.5% and direct irradiance by 9%, which resulted in an overall 7%
reduction in solar PV generation during the study period, with a peak Aerosol Optical
Density (AOD) of 0.25 (Perry & Troccoli, 2015). AOD is a measure of how particles in
the atmosphere are blocking sunlight, and researchers have determined that increased
AOD from wildfire smoke leads to reductions in PV performance, up to 50% at an AOD
of 4.5 (Donaldson et al., 2021). A recent study found that between August to October
2020, maximum AOD in Fresno, Monterey, and UCSB were 3.63, 3.67, and 3.28,
respectively, due to wildfire smoke (Cho et al., 2022). Since the area surrounding Orleans
experiences severe wildfires during the summer and fall, I assumed a conservative
estimate of up to ~40% losses in solar generation during the wildfire season.
In sizing the energy storage capacity for the battery, resilience is a key factor. I
estimated the battery capacity and size for two resilience scenarios:

14

For small (1-20 MW) fixed projects.
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Scenario 1: Two DOA with 100% starting capacity
Scenario 2: One week of autonomy with 100% starting capacity
For each scenario, I generated a range of results given two constraints:
Constraint 1: 60% solar generation; assuming 40% losses from nearby wildfire smoke
Constraint 2: 100% generation; or “blue sky” conditions, the PV array functions as
expected
These constraints are useful because one of the main resiliency goals for this
microgrid is to keep the lights on during PSPS events or wildfires, so it is important to
understand how many DOA it provides during a wildfire, as well as during blue sky
conditions.
I calculated the battery capacity by multiplying the DOA by the daily demand
minus the daily electricity generated by the system, as shown in Equation 3
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝐷𝑂𝐴 ∗ (𝐷𝑒𝑚𝑎𝑛𝑑 − 𝑃𝑉 𝑆𝑖𝑧𝑒 ∗ 𝑆𝑢𝑛 𝐻𝑜𝑢𝑟𝑠)

Equation 3

Where battery capacity is measured in MWh, average daily demand in MWAC,
PV size in MWAC, and Sun Hours denotes sun hours / day.
Battery power was sized based on estimating the peak demand for the community
and multiplying by a factor of three to ensure sufficient power is available to maintain
power quality and provide safe operations during island events (Pacific Gas & Electric,
2021). Peak demand in Orleans was estimated by multiplying the current peak demand on
the Hoopa 1101 feeder (3.6 MW) by the percentage of the demand from Orleans based on
population percentage (~20%), since the Hoopa feeder also provides electricity to Hoopa,
Somes Bar, Weitchpec, and down the Klamath river on the Yurok reservation for 14
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miles from Weitchpec to Wautec. This peak load demand from Orleans, 0.72 MW, was
multiplied by a factor of three for contingency measures. This led to a baseline battery
power of 2.2 MW for the BAU milestone. Since each electrification milestone increases
power demand by 45%, 90%, and 180%, I scaled up the baseline battery power by the
same percentage: 3.1 MW for 25%, 4.1 MW for 50%, and 6 MW for 100%. I then
compared these results to the peak loads predicted by my load shape model. As seen in
Figure 10, my load shape model predicts similar, albeit slightly lower peak loads than my
sizing based on the Hoopa 1101 feeder. This is because electric vehicle charging mainly
occurs in the evening and at night, so peak demand decreases less dramatically than when
I assume a linear increase in average power demand.

Figure 10. Monthly peak load for each electrification milestone.
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Capital Expenditures and Operations & Maintenance

In this section, I estimate capital expenditures and annual operations and
maintenance costs for the solar PV array and battery storage. These estimates are
necessary to ensure the various solar and battery system designs I model are
economically feasible given available funding.
For each milestone, I estimated the capital expenditures (CAPEX) and operations
& maintenance (O&M) costs for the solar PV array and battery storage using NREL’s
Electricity Annual Technology Baseline (ATB), which projects the costs of electricity
generation technologies into the future (National Renewable Energy Laboratory, 2021). I
assumed a construction date of 2025, which is within the existing timeline for microgrid
development in Orleans. Table 5 contains the CAPEX and O&M costs for each
technology.
Table 5. CAPEX and O&M costs per kW for each technology.
Technology
CAPEX ($/kW) Fixed O&M ($/kW)
Utility-Scale Solar
3,00015
52
Utility-Scale Storage (10hr)
2,093
52
Utility-Scale Storage (4hr)
956
24
Utility-Scale Storage (2hr)
577
14

15

The CAPEX for utility-scale solar was scaled up to $3000/kW from $1076/kW, to account for the
increased costs of construction related to the remote nature of Orleans.
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The different hour rating for each battery refers to the ratio of power to capacity.
For example, a ten-hour battery would have a 1 MW / 10 MWh ratio, while a two-hour
battery would have a 1 MW / 2 MWh ratio. As the battery-hour decreases, the cost of the
battery also decreases. Depending on the milestone, 4h or 10h batteries were used to
optimize the cost of the battery system.
My cost estimates for community energy systems only focus on the primary
capital assets (solar and battery storage) and do not include additional engineering and
distribution system upgrades required for microgrid deployment, which can range from
$1-3 million for a community of this size (P. Alstone, pers. comm., 2022). As I described
earlier, there are utility programs to help cover these costs.
Greenhouse Gas Emissions

In this section, I estimate the GHG emissions from Orleans associated with the
electrification milestones.
To estimate GHG emissions, in tons of CO2e for each milestone, I summed up
fuel consumption data from the energy demand model. For transportation fuel and
propane, I calculated CO2e emissions using GHG emission factors obtained from the
EPA (U. S. EPA, 2020). For electricity, I used the GHG emissions intensity from
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PG&E’s 2020 power content label to estimate the total GHG contributions from
electricity generation16 (Pacific Gas & Electric, 2020).
Estimating the emissions from wood burning stoves is complex – in addition to
CO2, wood combustion emits black and brown carbon, CO, N2O, CH4, and other partially
combusted hydrocarbons, the amounts of which vary based on type of stove used, the
moisture content of the fuel, and other factors (Nyström et al., 2017). Additionally,
estimating GHG emissions depends strongly on whether the wood is collected from a
sustainably managed forest and the alternative fate of the wood or forest land. In Orleans,
community members sustainably gather wood from nearby forests and use it for heating
as they have done for generations. Bill Tripp, director of KDNR in Orleans argues that
this type of management generates no net GHG emissions because it is part of a stable
natural landscape (B. Tripp, pers. comm., 2021). While there are complexities associated
with estimating the GHG emissions associated with wood heating, for this research I
assume that there are no net GHG emissions generated from this type of wood burning.

In practice, emissions on the Hoopa 1101 circuit will likely be higher than PG&E’s power content label,
because diesel generators have been used recently to power this circuit during a significant portion of the
year.
16
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CHAPTER 4. RESULTS

This chapter contains the results from this study. As part of my research, I
explored how various electrified futures could transform the energy landscape in Orleans,
from no electrification of transportation and water heating to full electrification of those
sectors.
In the status quo, or BAU milestone, all transportation and water heating remains
powered by fossil fuels. In the 25% milestone, a quarter of the miles driven in Orleans
and a quarter of water heating are electrified. In the 50% milestone, half of the
transportation sector and water heating is electrified. Finally, in the 100% milestone, all
transportation and water heating is electrified. Table 6 displays these milestones.
Table 6. Milestones towards electrification in Orleans.
Milestone Vehicle Electrification (%) Water Heater Electrification (%)
BAU
0
0
25%
25%
25%
50%
50%
50%
100%
100%
100%

These milestones provide an estimate of the increased electricity demand
associated with various stages of electrification. As such, they can support tribal and
community microgrid planning, ensuring that the microgrid is sized appropriately to
provide power in Orleans well into the electrified future.
I begin with the results of the household study interviews. Next, I describe the
community-level implications for each milestone, then focus on the residential scale and
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explore how the electrification milestones change energy usage and utility bills for the
average household. Finally, I present the results for sizing and pricing the solar PV array
and battery for the microgrid given various resilience and cost scenarios.
Interviews & Energy Audits

This section presents selected results from the household study interviews. As part
of these interviews, we asked households about their energy use patterns. That is, how
much wood, gasoline, propane, and electricity they use on a monthly basis. Given the
wide spread of households and how they meet their energy needs, use of different fuels
ranged widely. Some households living in Tribal housing, for example, rely primarily on
the grid for electricity and heating, while one off-grid home relies on propane to power
their generator when their solar panels are offline. I used these results to calibrate key
inputs for my energy demand model. Table 7 presents the range of yearly energy costs,
along with mean yearly energy bills for the nine households in our study, as compared to
the mean yearly energy bill output from the energy model.
Table 7. Yearly energy bills for study households.
Energy
Source
Propane
Gasoline
Electricity

Range of annual
energy bills from
households ($)
480 - 2,100
960 - 7,800
0 - 4,800

Mean annual energy
bills from households
($)
1,100
4,400
2,100

Mean annual
energy bills from
energy model ($)
1,200
7,300
2,100
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As Table 7 shows, the results from my energy model are similar to reported
energy expenditures from household study participants, except for gasoline consumption.
The difference in estimated transportation fuel expenditure could be due to the fact that
two of the households are owned by Tribal elders and drive relatively little, which lowers
the average mileage significantly, or because there are only nine households in total (a
small sample size). Another reason could be that my model overestimated transportation
fuel consumption overall, but it is difficult to know without a larger sample size of
households.
Another source of error is the way the interview questions were presented. Our
interview questions could have been written more precisely, as they left some room for
interpretation. Asking “how much do you spend on gasoline on an average month?” is a
more difficult question to answer than “how much did you spend on gasoline last
month?”. These interview questions were designed to be part of a broader conversation
about energy priorities, and in conducting the surveys we talked through typical bills with
customers. As is typical with survey-based approaches, we are limited by the recall of
participants.
Besides the energy audit results, we also asked study participants about electricity
reliability in Orleans, what loads they prioritize during blackouts, and their interest in
alternative energy sources. These results are helpful because they could inform
community discussions and the way microgrid development is pursued in Orleans.
When asked about energy reliability, the vast majority of households stated that
they find the system unreliable. Power outages are long and frequent - there is a sense

66
that PG&E used to be reliable, but that is no longer true. As one participant stated,
“PG&E was great, but it doesn’t seem to be working. It’s not dependable anymore”.
Generally, people do not trust PG&E, and find their electricity bills confusing. Some
folks want alternatives like solar and micro-hydro, especially for people living off-grid
and relying on generators. One participant shared an anecdote about their father and
brother: “[They] don’t have electricity except for generators and they’re spending so
much money on gas. Where I spend $80 a month on electricity, they’re spending $500600 a month on gas, and still not being able to run certain appliances”. Other folks think
that the Tribe should disconnect from PG&E and use solar.
We also asked participants to rank some of the most important uses of electricity
they would prioritize during a blackout, the results of which are shown in Table 8.
Table 8. Study household energy priorities during blackouts.
Energy Priorities
Fridge / Freezer
Internet
TV
Hot Water / Lights
AC / Air Filters / Device Charging
Stove / Computers / Heat / Coffee Maker / Washing Machine
/ Phone

Number of
Occurrences
7
6
4
3
2
1

Keeping food from expiring during blackouts is the main concern from the folks
in our study. This is partly because Orleans is so far away from affordable grocery stores,
so people drive to the coast a couple times a month, buy in bulk and keep food frozen,
and because many people store culturally important foods like deer, salmon, acorns, and

67
berries, in their freezers. All households own several fridges and freezers, with an
average of three fridges / freezers per household, with two households owning five. One
of these two households noted that they had a dedicated fridge and freezer where they
store deer, salmon, and other culturally important foods for ceremonies. We also learned
that some community members will drive around from house to house with backup
generators during outages to keep food frozen, which reflects how important keeping
food frozen really is.
Study participants were interested in alternative energy sources, such as solar,
micro-hydro, and even wind. However, the high upfront cost makes it a low priority.
Generally, people agree that there is a good solar resource in Orleans, and lots of space
available in backyards for solar panels. Some people note that the tribe should invest in
solar, and one participant said that Orleans needs some kind of battery backup, since
power is constantly going out. Another mentioned the need for alternative energy “so that
we aren’t reliant [on PG&E] or held hostage”. Another barrier to alternative energy
sources is the lack of local contractors, leading to inordinately expensive fees, such as
paying someone $800 to drive up and look at a generator - which does not include the
cost of actually fixing anything.
EVs only came up in conversation in one interview, but the household was
interested in EVs as long as they can plug in at home. However, they noted the need for a
more reliable electric grid and expressed concern about their electricity prices being
bumped up. Overall, they thought EV adoption would benefit the community. Broader
conversations in the community have indicated that many people do not yet see the
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relevance of electric vehicles. They are seen as too expensive, and concerns about
electricity reliability lead to hesitance.
Community Energy Demand & Greenhouse Gas Emissions

How much energy is used in Orleans, and for what purpose? As renewable
transformations unfold, it is valuable to estimate how these flows of energy might change
according to different electrification milestones, and to estimate potential impacts of
electrification on GHG emissions.
For each of the main energy sources in Orleans (electricity, wood, propane, and
transportation fuel), I estimated the total yearly consumption (in MWh) for the residential
and commercial sectors, and summed these together for the entirety of Orleans. Total
yearly energy consumption for Orleans for each milestone is shown in Figure 11.
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Figure 11. Total annual energy consumption in Orleans for each electrification milestone.

For the BAU milestone, transportation fuel is the greatest driver of energy
consumption in Orleans, followed by propane, wood, and finally electricity.
Transportation fuel remains the greatest source of energy until the 100% electrification
milestone. As electrification increases, total energy consumption decreases; At 100%
electrification, overall energy use decreases by over 50%, while electricity use triples.
This is due to the more energy-efficient nature of HPWHs and EVs as compared to
propane WHs and ICE vehicles. Wood consumption remains constant across milestones,
because I assume that home heating from wood is not replaced by heat pumps. Appendix
B contains plots for each energy source at the residential and commercial scale.
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Figure 11 draws attention to Orleans’ reliance on flows of imported fossil fuels.
To quantify this reliance, I calculated the fraction of energy that is “local” (wood, solar)
vs “imported” (fossil fuels) for each scenario, as shown in Table 9. This metric shows
how electrification could improve Tribal energy sovereignty if the increases in electricity
demand are met by a local PV array, in addition to existing wood harvests.
Table 9. Percentage of primary energy served with local resources for each milestone.
Milestone Percentage of Energy Served by Local Resources
BAU
18%
25%
37%
50%
50%
100%
100%

In addition to total energy use and the fraction of energy served by local
resources, I estimated the GHG emissions associated with each milestone, assuming the
electricity consumed comes from today’s (circa 2022) PG&E grid. Because gasoline and
propane are relatively high emitting, and PG&E’s generation portfolio is relatively clean,
GHG emissions between electrification milestones decrease drastically. As the grid gets
cleaner due to solar and wind power deployment in Orleans and more broadly, GHG
emissions from electricity generation could continue to decrease because of a lower
reliance on emitting technologies, such as fossil gas. Figure 12 shows the tons of CO₂e
emitted for each milestone, broken down by energy source:
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Figure 12. Total annual GHG emissions in Orleans for each electrification milestone.
GHG emissions, in tons of CO₂e, varied widely between milestones, from around
5800 tons for the BAU milestone to approximately 600 tons of CO₂e at 100%
electrification, a 10x decrease. This is because PG&E’s generation portfolio contains a
low percentage of GHG emitting generation sources; the only two sources of emissions
during generation are fossil gas (16%), and biomass (3%). Because of that, doubling and
even tripling electricity use still leads to large decreases in GHG emissions. Additionally,
if a solar-powered microgrid were to be installed in Orleans, then GHG emissions from
electricity generation would equal zero.
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Residential Energy Consumption

In this section, I explore how the electrification milestones impact the utility bills
for the average household in Orleans. Figure 13 displays average household energy
consumption per year, and has a similar trend to Figure 12. This is because household
energy consumption is the main driver of energy use in Orleans. There are 353
households in town, and 39 businesses, so household energy use patterns shape overall
energy consumption trends. Appendix C shows average commercial energy consumption
per year, which is dominated by propane use rather than transportation fuel.

Figure 13. Annual energy consumption per average household in Orleans for each
electrification milestone.
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Transportation fuel accounts for over half of household energy use in the BAU
milestone. This is due to the large amount of miles traveled per vehicle, which I
estimated at an average of 24,000 per year due to the remote location and lack of nearby
services. This translates to 120 gallons per month, or $600 dollars per month.
Wood comes next, at nearly ⅕ of energy consumed. Wood is the main source of
residential space heating, based on interviews with locals, because it is plentiful, local,
and essentially free (minus the cost of fuel for the chainsaw & truck, and the “cost”
related to time spent gathering wood). Based on typical household heating needs and the
efficiency of wood stoves, my model estimates the average household burns 3.6 cords of
wood per household per year. This is consistent with the results from a 2007 Yurok home
energy audit performed by the Schatz Energy Research Center, which found an average
of 3.7 cords of wood per household per year (Zoellick & Engel, 2007). Wood
consumption was assumed constant across each milestone since we do not anticipate
community members switching away from firewood for home heating.
Propane use for WHs is the third-greatest source of energy, at 15%. This
translates to 45 gallons of propane per month, or $100 dollars per month. These results
can be compared to a 64.4 gallon per month consumption from the same Schatz Energy
Research Center audit for the Yurok Tribe (Zoellick & Engel, 2007).
Electricity is the smallest percentage of household energy use in the BAU case, at
7%. The average household in Orleans consumes 566 kWh per month, which is close to
572 kWh per month, the 2020 average monthly electricity consumption in California
according to the EIA (U.S. Energy Information Administration, 2021b). For the 25%,

74
50%, and 100% scenarios, monthly electricity use increases by ~50%, 100%, and 200%,
respectively.
The average monthly electricity bill in Orleans was estimated at $175, which is
higher than the average monthly bill in California, $117 (U.S. Energy Information
Administration, 2021b). In the following section, I explore how electricity bills change
according to the electrification milestones.
Household Electrification Implications

For the average household in Orleans, electrifying water heating and
transportation with electricity from local renewables has the potential to lower energy
bills and reduce reliance on expensive flows of fossil fuels into the community. Table 10
shows the impacts of electrification using the average E-1 and E-1 CARE residential
energy bill.
Table 10. Average annual household energy expenditures for each milestone.
Milestone Propane Gasoline
BAU
25%
50%
100%

$1,200
$930
$620
$0

$7,300
$5,500
$3,700
$0

Electricity
(E-1)
$2,100
$3,200
$4,400
$6,600

Electricity
(E-1 CARE)
$1,400
$2,100
$2,800
$4,300

Total
(E-1)
$11,000
$9,700
$8,600
$6,600

Total (E1 CARE)
$9,900
$8,500
$7,100
$4,300

Table 10 can be interpreted as follows: in the 25% electrification case, a
household replaces 25% of their annual mileage with an EV, and 25% of their water
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heating with a HPWH. In the 100% case, all miles driven and water heating are
electrified.
For the E-1 rate, energy bill savings could range from 9.5%-38% depending on
the electrification milestone. This translates to $1,300-$4,400 in yearly savings for the
typical customer. For the E-1 CARE rate, these savings could range from 14-57%, or
$1,400-$5,600 depending on the electrification milestone. These are significant savings,
given that the 2019 mean and median income in Orleans were $37,800 and $42,600 (U.S.
Census Bureau, 2019), and the 2020 American Community survey estimates that 27.9%
of the population of Orleans lives below the poverty line (U.S. Census Bureau, 2019,
2020).
However, Table 10 does not include the capital costs associated with
electrification, such as purchasing an EV, purchasing and installing a home EV charger,
or purchasing and installing a HPWH. To determine actual savings per household after
accounting for the premium paid to electrify and payback period for capital costs, I
modeled the actual savings for the average household adopting a HPWH or an EV,
balancing the cost of EVs and charging stations, and the cost of purchasing and installing
HPWHs against the savings from rebates and lower utility bills, the results of which are
shown below.
Electric Vehicle Adoption

For residential EV adoption, I estimated the savings and payback period for a
household purchasing a typical new electric vehicle to replace ⅔ of VMT. I balanced the
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cost of the vehicle and cost and installation of a level-2 charger against the federal
income tax credit for new all-electric or plug-in hybrid cars, California’s clean vehicle
rebate program, California’s clean vehicle assistance program, PG&E’s clean fuel rebate,
and utility bill savings to determine the payback period for the vehicle and charger. Based
on the balance of costs and rebates, I determined a best and worst-case cost for the typical
new EV, level-2 charger, and charger installation: $39,700-$57,900. Considering that a
typical new ICE vehicle costs $46,000, it is not always necessarily more expensive to
purchase an EV. Best case, it is 14% cheaper to switch to an EV, while in the worst-case
scenario, there is a 26% upfront premium for purchasing a typical EV and installing a
level-2 charger as compared to an ICE vehicle. However, EV adoption results in yearly
savings from fuel switching. The average residence is expected to save about $2,500 in
fuel costs per year, or $210 per month. In the worst case scenario, savings from fuel
switching offset the 25% EV premium in four years, after which the savings will pay for
the vehicle in an additional 18 years. This analysis assumes the use of a level-2 charger,
which is not necessary if people are mainly charging their vehicles during the night and
faster charging is not a requirement. If a level 1 charger is purchased instead, the range of
costs for EV adoption ranges from $39,000-43,000. At these prices, even in the worst
case scenario there is no premium for purchasing an EV over a ICE vehicle, and the
savings from fuel switching will pay the EV off in 15 - 17 years.
These results suggest that while the average new EV costs $56,000, or 20% more
than the average new ICE vehicle ($46,000), given rebates and utility bill savings, the
lifetime cost of the EV and charger is lower than owning an ICE vehicle.
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I should note here that this analysis is based on current EV prices and available
rebates. In the future, the price of EVs is expected to decrease and the value of rebates
will be different, so it is impossible to predict the actual premium of EV ownership.
However, because purchasing a new vehicle is not accessible to many individuals
with low or middle incomes, I performed another analysis that focuses on comparing the
premium of a used EV over a used ICE vehicle. The average used EV costs $33,700, and
the average used ICE vehicle is $27,000, a premium of 25% (Recurrent Auto, 2022).
However, over 10 years, the lifetime cost of a used EV and charging infrastructure is
$58,100- $76,300, while the lifetime cost of a used ICE vehicle is $75,900. As such, even
at the lower range of savings, over its lifetime a used EV will tend to be cheaper or
equivalent in cost to a used ICE vehicle. I summarize the results from this analysis in
Table 11. This analysis does not include costs related to EV battery upgrades or the
different maintenance costs associated with EVs vs ICE vehicles.
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Table 11. Upfront and lifetime costs for typical new & used EVs and ICE vehicles in
Orleans.
Vehicle
Type
New ICE
Vehicle
New EV
Used ICE
Vehicle
Used EV

Upfront
Vehicle
Cost
$46,000

Vehicle + Level-2
Charger, Including
Incentives
$46,000

Lifetime
Fuel Costs
$73,400

Lifetime17 Cost
Including Level-2
Charger
$119,400

$56,000
$27,000

$39,700 - $57,900
$27,000

$35,100
$48,900

$74,800 - $93,000
$75,900

$33,700

$34,700 - $52,900

$23,400

$58,100 - 76,300

Heat Pump Water Heater Adoption

For residential HPWH adoption, I estimated the savings and payback period for a
household purchasing a typical 50 gallon HPWH. I balanced the cost and installation of
the HPWH against utility bill savings to determine the payback period, and compared the
lifetime costs of a HPWH against a conventional WH.A recent report estimates the
installed cost of a conventional WHs and HPWHs as ranging between $1,300-4,000, and
$1,700-6,000, respectively (Alstone et al., 2021). The average residence is expected to
save around $200 per year in fuel costs, and given the best and worst-case cost scenarios,
the payback period for electrifying their water heating ranges from 8 to 27 years, which is
mainly driven by the cost of installation if expensive electrical panel upgrades are
required. This is within the typical 10- 15 lifespan of HPWHs, suggesting that the costs
are similar overall (Alstone et al., 2021). I summarize my results in Table 12:

17

Assuming a 15 year lifespan for a new vehicle and a 10 year lifespan for a used vehicle.
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Table 12. Upfront and lifetime costs for typical WHs and HPWHs in Orleans.
Heater
Type

Upfront Heater
Cost

Installed
Cost

Lifetime Fuel
Costs

Lifetime18 Cost

WH

$700 - $2,000

$18,600

HPWH

$1,200- $2,000

$1,300 $4,000
$1,700 $6,000

$19,900 $22,600
$16,900 $21,200

$15,200

These results suggest that a HPWH tends to be cheaper to own over its lifespan as
compared to a typical WH.
Barriers to Electrification

Despite the fact that EVs and HPWHs tend to be cheaper than ICE vehicles and
WHs over the course of their lifetime, people can be hesitant to adopt them due to a range
of factors, including high upfront costs, concerns about electric reliability, and the costs
associated with potential electric service panel upgrades. Additionally, people tend to
discount future benefits against present costs, across a wide range of implicit discount
rates (S. E. Miller, 2015). A useful way to estimate how implicit discount rates impact
people’s incentive to purchase electrified technologies is the Benefit Cost Ratio (BCR),
which is the ratio of benefits vs costs of an investment. If the BCR is over 1, then the
investment provides additional value. The BCR can be calculated as follows:

18

Assuming a 15 year HWH and HPWH lifespan.
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𝐵𝐶𝑅 =

[𝐵𝑖 / (1+𝑑)𝑖 ]
[𝐶𝑖 / (1+𝑑)𝑖 ]

𝑠𝑢𝑚𝑚𝑒𝑑 𝑜𝑣𝑒𝑟 𝑖 = 0 𝑡𝑜 𝑛 𝑦𝑒𝑎𝑟𝑠

Equation 4

Where:
Bi = benefits in year i, where i = 0 to n years,
Ci = costs in year i, where i = 0 to n years (this only includes the initial costs in
year 1)
n = lifespan of EV / HPWH
d = the implicit discount rate
I calculated the CBR for the range of costs (low to high) for new and used EVs
and HPWHs for the types of implicit discount rates often seen in residential energy
choices (S. E. Miller, 2015). This analysis assumes an individual purchases an EV or
HPWH to replace their existing vehicle or water heater. The results of this analysis are
shown in Figure 14.
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Figure 14. BCRs for electrified technologies replacing existing conventional technologies
at various implicit discount rates.
Given that only the low-range cost HPWH had a CBR over 1 at any implicit
discount rate above 0%, this analysis suggests that individuals are unlikely to adopt these
electrified technologies without substantial economic support.
However, the BCRs in Figure 14 are calculated for households that are purchasing
an EV or HPWH as a replacement for their existing vehicle or water heater. For
individuals who would have otherwise purchased a conventional vehicle or water heater
at the end of life of their existing technology, the BCR increases because the sum of costs
now equals the cost of the electrified technology minus the full cost of the conventional
technology they would have purchased otherwise. Figure 15 shows the BCR for

82
households who are choosing to adopt an electrified technology at the end of life of their
conventional vehicle or water heater.

Figure 15. BCRs for electrified technologies replacing new conventional technologies at
various implicit discount rates.
The results from Figure 15 are more optimistic - for people who would have
otherwise purchased a conventional vehicle or water heater, BCR increases dramatically,
although at high discount rates it is still difficult to justify the electrified technologies.
Getting people to replace existing conventional vehicles and water heaters is difficult, but
it might be easier to convince households who were going to replace these technologies
anyways by providing financial incentives, improving access to loans, and improving
trust of electrified technologies. Regardless, there exist significant barriers for households
who are interested in electrifying their transportation or water heating. Even accounting
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for state and national rebates and tax credits, purchasing an EV is a significant decision.
Additionally, not every household owns a garage or has a place where they can park their
car to charge it overnight, and level-2 EV chargers often require upgrades to electrical
wiring, further increasing the cost of the system, given the high prices to hire an
electrician to drive up to Orleans. Also, given the long distances community members
drive to Happy Camp or to the coast, it is understandable that people would experience
range anxiety regarding where and when to recharge their vehicles when driving long
distances.
Supporting Electrification through Resilience

Large-scale adoption of EVs and HPWHs is contingent on the resilience of the
electricity system in Orleans. If increased electrification is pursued, and the local area
were to lose power, then folks would experience issues getting from one place to another
or heating water, in addition to the existing impacts of blackouts. This is an important
trade-off associated with electrification, but one that can be mitigated through
development of resilient energy using a renewable-powered microgrid, which could
provide power through a blackout.
As discussed previously in this document, reliability and resilience are primary
focus areas for microgrid development in Orleans. Pre-colonization, Karuk people met
their cultural, spiritual, and physical needs through reciprocal relationships with nonhuman partners, such as salmon, acorns, deer, or willow. However, access to these
resources has been limited, be it through land theft, the violation of Indigenous
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sovereignty (e.g. prohibiting cultural burns that encourage the growth of certain culturally
important plants), or increasingly, impacts from climate change and extractive capitalism.
To meet its energy needs, the community of Orleans now relies on the import of fossil
fuels and a tenuous connection to the electrical grid. Fossil fuels and electricity are
expensive in Orleans, and community members have no control over their price or
availability. Additionally, because of the lack of affordable food, community members
often drive several hours out of town to buy several weeks’ worth of groceries from a
grocery store such as Costco or WinCo. These groceries, along with culturally important
foods like salmon, deer, or acorns, are then stored in fridges or freezers (as many as three
to four per household). As such, losing electricity from a blackout or a public safety
power shutoff is not simply an inconvenience - it has drastic consequences.
Building a renewable-powered microgrid in Orleans is a means of taking
ownership of the means of energy production and re-establishing community control over
critical energy services like food storage. The Klamath River basin has abundant local
solar and small-hydro resources, which can be used to meet community energy needs. In
turn, local Karuk residents could be trained to operate and maintain the microgrid,
reducing their reliance on outsider “experts”.
Grid-tied community members experience disproportionate power losses, and
deploying a microgrid that can island from the main grid would provide a means of
keeping lights and critical loads on during blackouts, brownouts, and PSPS events.
Electrifying some percentage of the light duty vehicle fleet and replacing propane WHs
with HPWHs would also reduce community reliance on gasoline, diesel and propane,
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which are relatively expensive, socially and environmentally harmful, and contribute to
GHG emissions.
Sizing, Capital Expenditures, and Operations & Maintenance

As noted in the previous section, it is important to appropriately size a microgrid
so that it can provide a reliable and resilient electricity supply. In this section I provide
the results from my analysis related to sizing the solar PV array and battery storage for
the electrification milestones, and estimate the upfront capital expenditures and annual
operations & maintenance costs associated with the PV array and battery.
These economic results are important because the solar PV and battery size are
constrained by potential funding. MIP provides up to $15 million per project for the
generation assets, battery, engineering, and other design costs (Pacific Gas & Electric,
2022a), of which I assume $12 million will be used for capital expenditures. As such, the
solar PV and battery must be sized with that constraint in mind.
Solar PV Sizing
The solar PV array was sized to meet average daily demand, and scaled to meet
the increased load from the various electrification milestones, as shown in Table 13:
Table 13. Solar size and land use for each milestone.
Milestone
BAU
25%
50%
100%

Solar Size (MWDC) Solar Size (MWAC) Land Use (Acres)
2.0
1.5
13
2.8
2.1
18
3.5
2.6
23
5.1
3.8
33
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A 1.5 MWAC PV array would be sufficient to meet Orleans’ current average
electricity demand, and would occupy approximately 13 acres, including the battery. This
increases to 4.8 MWAC and 33 acres for the 100% electrification milestone. For context,
Figure 16 shows what 20 acres (the land area taken up by a 3 MWAC PV array) looks like
in relation to the main area of Orleans.

Figure 16. Map of Orleans with a 20-acre rectangle to present a sense of scale of the size
of a ~3 MWAC PV array. Location is for reference only.

This is a relatively large area, and given that Orleans is in a river valley, there is
not much open space available for such an array. Siting the PV array is out of the scope
of my analysis, but an area on a relatively open hillside has been identified as a candidate
location by tribal staff. The location on a hill and south-facing nature of the site makes it
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a good candidate for a PV array. Further research is needed to determine the viability of
this location.
An important consideration for the location of the PV array is the impact on
cultural resources, since solar development requires clearing land and breaking ground to
install the array. Given the cultural importance of Orleans and the surrounding area to the
Karuk Tribe, careful consideration should be given to siting the array and to meeting
Tribal cultural requirements.
Another option to help reduce land use pressure is deploying rooftop solar on
buildings in town. With approximately 400 buildings between households and
commercial buildings, there could be 0.5-2.0 MW of capacity (assuming approximately
1-5 kW per building). Given that the BAU milestone requires 2 MW of capacity, up to
5.1 MW of capacity for the 100% electrification milestone, there is probably a need for a
ground-mount array even if rooftop solar is deployed. Additionally, residential solar is
typically more expensive to develop than utility-scale solar (National Renewable Energy
Laboratory, 2021; Ramasamy et al., 2021). This distributed solar case may require roof
replacements, electric panel upgrades, and relatively costly interconnections for netmetered generation. Additionally, this estimate of rooftop potential only provides enough
solar capacity to meet the BAU milestone. Assuming any further electrification
milestone, ground-mounted solar PV would need to be installed as well to meet increased
demand.
I used NREL’s Annual Technology Baseline to estimate the capital expenditures
and O&M for the solar PV array, the results of which are shown in Table 14:
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Table 14. CAPEX and O&M for a solar PV system that meets the average demand for
each milestone.
Milestone Solar Size (MWAC) CAPEX (million $) O&M (thousand $ / year)
BAU
2.0
4.4
29
25%
2.8
6.2
41
50%
3.5
7.9
53
100%
5.1
11.5
76
These results suggest that a PV array costing $4.4 million could meet Orleans’s
average electricity demand. However, without a battery, the system would not provide
resilience during blackouts or climate fires. Additionally, the existing Hoopa 1101 feeder
does not have the interconnection capacity for additional renewable generation. This
means that a utility-scale battery and community-scale microgrid with appropriate
controls would need to be deployed in Orleans first or in conjunction with solar PV, and
would be used to manage solar generation and sell electricity back to grid in accordance
with interconnection constraints.
Battery Sizing
Given the size of the PV array. I sized the battery capacity based on various
scenarios:
Scenario 1: Two DOA with 100% starting capacity
Scenario 2: One week of autonomy with 100% starting capacity
For each scenario, I generated a range of results given two constraints:
Constraint 1: 60% solar generation; assuming 40% losses from nearby wildfire smoke
Constraint 2: 100% generation; or “blue sky” conditions, the PV array functions as
expected
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The combination of scenarios and constraints generated a wide range of results,
many of which are economically infeasible given the constraints of MIP ($15 million
total, up to $12 million for hardware). The full results for this analysis are presented in
Appendix D.
Given the likely available funding through the MIP, I estimated the potential
sizing and resilience for microgrid systems that match different electrification milestones.
MIP provides $15 million in funding, approximately $12 million of which could be used
for capital expenditures, with the remaining $3 million going to additional engineering
and distribution system upgrades. As such, I determined the DOA provided by a solar PV
+ battery system with a total solar PV + battery cost of $12 million. The system has a
four-hour battery, the battery was sized to provide at least 2.2 MW of power, the solar PV
array is sized to meet average electricity demand, and the solar capacity is never larger
than the battery capacity. Results from that analysis are presented in Table 15. For the
100% milestone there was no economically or technically feasible system which met the
above criteria, so instead I included a scenario with only a $12 million battery.
Table 15. Sizing & performance of a $12 million system.
Milestone

Solar
Size
(MWDC)

BAU

Solar
CAPEX
(million
$)
4.4

Battery
Power
(MW)

Battery
Energy
(MWh)

DOA,
battery
only

DOA,
smoke

DOA,
blue
sky

2.0

Battery
CAPEX
(million
$)
7.6

8.0

31.8

4

7

21

25%

6.2

2.8

5.8

6.1

24.4

2

4

12

50%

7.9

3.5

4.1

4.3

17.0

1

2

6

100%

0

0

12

12.6

50.2

4

4

4
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These results suggest that given a $12 million budget, it is feasible to deploy a
solar PV + battery system that provides six to 21 DOA in blue sky conditions, two to
seven DOA given extreme wildfire smoke for the BAU, 25%, and 50% milestones, and
14 hours of autonomy in blue sky conditions for the 100% milestone. If a $12 million
battery was installed for the 100% milestone without any solar PV, it could still provide
four DOA.
Given that these results stem from calculations using average electricity demand,
actual DOA will be lower if the microgrid needs to island during times of greater
electricity demand, such as the summer months. To test that hypothesis, I used ReOpt19 to
estimate the maximum DOA the $12 million system would provide for a blackout
starting on July 15th. The results of this analysis are shown in Table 16.
Table 16. ReOpt resilience analysis of a $12 million system.
Milestone
BAU

Solar Size
(MWDC)
2.0

25%
50%
100%

2.8
3.5
0

Battery Power Battery Energy
(MW)
(MWh)
8.0
31.8
6.1
4.3
12.6

24.4
17.0
50.2

Maximum DOA
from ReOpt
20
5
2
1.7

Accounting for actual daily demand rather than average demand lowers the
estimated DOA provided by the microgrid for each milestone. In the BAU milestone, the
system still provides twenty DOA. For the 25% and 50% electrification milestones, DOA

19

An analysis platform developed by the National Renewable Energy Lab.
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drops to five and two days, respectively. For the 100% milestone, ReOpt estimated that
the system only including a 12.6 MW battery would provide forty hours of autonomy.
These lower values could be partly explained by the higher peak demand during the
summer months, and because due to the nature of the model, the battery is not always
fully charged at the outset of the outage.
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CHAPTER 5. DISCUSSION

The status quo energy system in Orleans is untenable. The electricity grid is
unreliable, and community members rely on expensive fossil fuel imports for energy
services, such as transportation, water heating, and backup generators. In this section, I
tie my results back into the broader context surrounding renewable-powered microgrid
development in Orleans.
Renewable Transformations in Orleans

Much of the discourse related to renewable energy development is framed as a
transition; that is, generating change within the energy system by increasing the amount
of renewables on the grid, but not necessarily changing the system itself. A renewable
energy transformation, however, requires the system itself to change. Energy
transformations require a radical redistribution of power (in all senses of the word) to
create a society powered by renewable energy that benefits everyone. Creating a more
just world requires not only transitioning to renewables, but transforming our social,
political, economic, and energy systems to create real democracy.
This approach requires reckoning with the multifaceted histories of oppression
and marginalization facing Karuk people in Orleans, from settler colonization, land and
resource theft, and attempted genocide, to contemporary under-investments in energy,
transportation, and educational infrastructure (among many others). All of these issues
are interconnected, and while a renewable-powered microgrid in Orleans will not “solve”
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any of them, it could empower the Karuk Tribe by allowing them to take control of the
means of energy production and transforming - at least at the local scale - energy
infrastructure in Orleans from a utility-controlled monopoly to a Tribally or communityowned distributed energy system powered by renewable energy - a kind of energy
democracy.
This system could be owned by the Tribe or another entity and generate revenue
by participating in the California Independent System Operator (CAISO) wholesale
market, the profits of which could be re-invested locally, benefiting the entire
community. This entity could train locals to operate and maintain the microgrid, building
local knowledge, rather than having to outsource expensive contractors from the coast
whenever anything goes wrong. This local expertise could then be applied towards other
renewable energy projects, such as installing residential solar or micro-hydroelectricity
for those households that remain unconnected from the grid, or applied towards
maintaining existing renewable energy projects in Orleans.
Renewable energy is just one side of the coin, however. Increased electrification
in the form of EV and HPWH adoption could also cause a transformation. Rather than
relying on oil majors for the fossil fuels that power most of the energy services in
Orleans, EVs and HPWHs could be powered by the local renewable energy produced by
the solar PV array and stored in the battery. Additionally, the reduced energy bills
associated with electrified technologies could lower the burden faced by individuals with
lower incomes, and allow them to use those savings for other purposes. However, it is
important to note that the benefits associated with EV and HPWH adoption are currently
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unavailable for most households, because while these technologies often are cheaper than
their conventional counterparts over their lifetimes, the high upfront costs and high
implicit discount rates involved can be barriers to adoption, especially for individuals
with lower incomes. Given that around 30% of the population in Orleans lives below the
poverty line (U.S. Census Bureau, 2019, 2020), there is a need for more substantial tax
incentives and cash rebates for individuals with lower incomes so that all people can
participate in this energy transformation and receive the benefits of electrified
technologies.
Energy Sovereignty

There is a need for a transformational redistribution of power in Orleans, from a
top-down, monopoly-owned, system that provides unreliable electricity, to a community
owned and operated solar-powered microgrid, where local renewable energy is mobilized
to meet people’s electricity needs. This new system of power production could reduce
community reliance on PG&E and allow for increased electrification of transportation
and water heating, drastically reducing the need for expensive and polluting fossil fuel
imports. Shifting from a monopoly-owned utility to a Tribally owned microgrid could
improve energy sovereignty and Tribal self-determination.
Currently, only 18% of energy needs in Orleans are met by a local resource,
wood, which is mainly used for heating and cooking. Over 80% of energy services rely
on imported energy, in the form of fossil fuels or electricity. As such, community
members have limited agency with regard to local, affordable, or clean energy choices.
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However, a renewable-powered microgrid owned and operated by the Karuk Tribe could
allow community members to decide what types of energy they choose to use. Besides
solar PV, there is some potential for local micro-hydroelectric development on streams
and creeks, which could provide another source of local renewable energy. As
electrification increases, the fraction of energy needs met by local resources could
increase to 37% at 25% electrification, 50% at 50% electrification, and 100% and 100%
electrification. In this sense, a renewable-powered microgrid could support an electrified
future while supporting energy sovereignty for the Karuk Tribe.
Microgrid Development Potential

Both my energy model and ReOpt provide heartening results for microgrid
development in Orleans. Currently, community members experience significant impacts
from blackouts, brownouts, and PSPS events resulting from under-investment in their
electricity grid. To have a $12 million system that potentially provides around three
weeks of autonomy in blue sky conditions would dramatically improve quality of life for
community members. Alone, the battery could provide three to four DOA, in a situation
where the PV array is damaged or otherwise offline.
This type of microgrid could provide tremendous resilience to community
members in Orleans, helping keep the lights on, fridges cold, and air purifiers running
during climate fires and blackouts. As mentioned earlier in this document, Tribes in this
part of Northern California are interested in Tribally owned and operated renewables and
microgrids which provide reliable and resilient electricity. These types of systems could
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promote Tribal sovereignty and self-determination, and stand in stark contrast to the
current status quo, where Tribal members are dependent on monopoly utility providers
which have repeatedly failed to provide reliable electricity.
This raises an important question: what would a microgrid ownership structure
look like in Orleans? The ownership structure of the potential microgrid will have a
tremendous impact on operations and management. MIP and CMEP provide funding to
build the microgrid, and PG&E would not own the generation and storage infrastructure
after construction, just the distribution infrastructure. While exploring different
ownership models is not in the scope of my analysis, given the Tribe’s leadership on this
project, a plausible ownership model would be for the Tribe to own the solar PV and
battery, while PG&E continues to own and manage the distribution infrastructure. Under
this ownership model, the electricity system would become more resilient due to the
inclusion of a battery and solar PV. The Karuk Tribe, as owner / operator of the
microgrid, could generate revenue from participating in the CAISO wholesale market,
and electricity bills would remain the same for households and businesses.
No matter what the ownership model looks like, the next step towards a resilient
energy system in Orleans is applying for MIP & CMEP funding from PG&E. However,
moving forward with intention does not necessarily entail moving forward swiftly. As
discussed in Chapter 2, the concept of kinship time is useful when envisioning climate
change “solutions”. Rather than letting urgency drive microgrid development in Orleans,
there is first a need to build trust within the community and between community
members, PG&E, and all other stakeholders and decision-makers in the microgrid
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development space, including Cal Poly Humboldt and the Schatz Energy Research
Center.
The timeline for this process is nine months to two years, from initial concept to
project completion. The process is split into three stages: vetting, solution assessment,
and solution execution. The first stage of the CMEP process is vetting. To begin this
process, a community representative contacts PG&E to express interest in a community
resilience project. During this stage, basic information on resilience goals is taken,
including questions about community needs or objectives. A comprehensive overview of
the application process is outlined in PG&E’s Community Microgrid Enablement
Program Resilience Planning Guide (Pacific Gas & Electric, 2021).
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CHAPTER 6. CONCLUSIONS AND NEXT STEPS

This research aimed to assess the potential of local distributed renewable energy
and battery storage to meet Orleans' energy needs today and in the increasingly electrified
future, to identify existing cultural and social priorities for energy technology, as well as
key structural barriers to renewable energy adoption and the decarbonization of
transportation and water heating.
Many, but not all, of the community members enrolled in the SAFE household
study find their electric service unreliable, do not trust PG&E or their bills, and are
interested in alternative sources of energy. However, the high upfront costs of renewables
and lack of local contractors make them a low priority. Study participants owned an
average of three fridges / freezers per household, and their main energy priority during
blackouts was keeping food from spoiling. Orleans does not have an affordable grocery
store, so people often drive two or more hours to the coast to buy food in bulk, which
they keep refrigerated or frozen, along with culturally important foods such as deer,
salmon, berries, and acorns. This connection between food, transportation, and energy
systems highlights the intersectional and intertwined insecurities faced by Karuk people
in Orleans.
With those cultural and energy priorities in mind, it is clear that community
members would benefit from a renewable-powered microgrid that provides the reliability
and resilience that PG&E’s grid currently lacks. While it is impossible to predict the
energy future in Orleans, I found it useful to estimate the benefits a solar-powered
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microgrid could provide given a range of possible futures, from 0-100% electrification of
electric vehicles and heat pump water heaters.
The BAU future closely resembles the present. In this future, fossil fuels continue
to be the primary energy sources in Orleans, and electric vehicle or heat pump adoption
remains low. In this case, MIP and CMEP could fund a microgrid that provides up to
three weeks of autonomy given generation, and four days from battery power alone. This
future is still dominated by fossil fuel use and their impacts, such as community-wide
GHG emissions of 5,800 tons of CO2e per year. However, given California’s
electrification mandates, it seems reasonable to assume that the future will include many
more electrified loads, such as in the following future I envisioned.
In another future, 25% to 50% of transportation and water heating is electrified,
increasing community electricity demand by 40% to 80%. MIP and CMEP could fund a
microgrid that provides up to 12 days of autonomy given generation, or two days from
just battery power. For those residents with EVs and heat pumps, utility bills would go
down by 10-19% due to the more energy-efficient nature of these technologies.
Community-wide emissions drop by 22% to 44%, to 3,200 to 4,500 tons of CO2e per
year.
In the last version I modeled, 100% of transportation and water heating is
electrified, increasing electricity demand by two and a half times. MIP & CMEP funding
is not sufficient to build enough solar PV and battery storage for a microgrid, but a $12
million battery could be deployed, which would provide up to two days of autonomy for
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Orleans. In this future, community-wide CO2e emissions drop by 90%, to 590 tons per
year.
Given existing demand, solar resource, land area, and available funding, my
results suggest that the community of Orleans is well suited for renewable-powered
microgrid development, and that there is the potential to build a microgrid that will
provide electricity system resilience in the event of increased electric vehicle and heat
pump adoption.
This research is based on average electricity consumption using publicly available
PG&E data, and a load shape model based on typical Humboldt County and Californian
residential and commercial load shapes. For a more precise estimate of the cost, sizing,
and days of autonomy provided by a microgrid, further research could benefit from
requesting load shape data for Orleans from PG&E, and performing a comprehensive
analysis based on this data and solar generation profiles. Additionally, there is a need to
further investigate the potential location for the PV array and battery storage.
Community priorities and concerns should also be considered at every step of the
development process, from design to deployment. I hope that the results from the
household interviews presented in this document can inform a kinship-driven approach to
microgrid development in Orleans - one that centers community needs and is driven by
trust, consent, and reciprocity.
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APPENDICES

Appendix A. Electrification Load Shapes
This appendix contains the daily-average load shapes used for modeling EV and
HPWH adoption. Figure A-1 shows the daily load shape associated with charging a
typical EV.

Figure A-1. Typical daily EV charging load shape.
Figure A-2 shows the daily load shape associated with a typical HPWH based on
the load shape of a fossil gas water heater.
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Figure A-2: Typical daily HPWH load shape, based on the load shape of a fossil gas
water heater.
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Appendix B. Yearly Energy Use for the Residential and Commercial Sectors
Figure B-1 shows the average annual electricity consumption for the residential
and commercial sectors for each milestone.

Figure B-1: Residential and commercial electricity consumption for each electrification
milestone.
Currently, the residential sector consumes about twice as much electricity as does
the commercial sector. There are 353 households and 39 businesses paying electricity
bills to PG&E, with an average monthly electricity consumption of 566 kWh per
household and 2570 kWh per business. As electrification increases, the amount of
electricity consumed by the residential sector increases at a greater rate than the
commercial sector. This is because my model assumes a 9:1 ratio of residential to
commercial vehicles, so as ICEs are replaced by EVs, the amount of electricity consumed
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increases more rapidly than for the commercial sector. Overall, electricity consumption
triples between BAU and the 100% electrification milestone.
Based on my methods for estimating transportation fuel consumption, total yearly
transportation fuel consumption for each milestone is shown in figure B-2. Transportation
fuel consumption makes up 56% of the total energy consumed in Orleans.

Figure B-2: Total residential and commercial transportation fuel consumption for each
electrification milestone.
Transportation fuel consumption decreases in a linear fashion and at a similar rate
for all milestones. In the 100% electrification milestone, all fossil fuel use for
transportation is replaced by electricity. At the household level, transportation fuel
consumption decreases by half between BAU and the 50% electrification milestones, the
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economic value of which is explored later in these results. Total yearly propane
consumption is shown in Figure B-3.

Figure B-3: Total residential and commercial propane consumption for each
electrification milestone.
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Appendix C. Commercial Sector Energy Use
Figure C-1 shows the energy sources for the typical commercial building in
Orleans, CA. Rather than being driven solely by transportation fuel, energy use is
primarily driven by gasoline, diesel and propane.

Figure C-1: MWh/year per average business in Orleans for each electrification milestone.
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Appendix D. Full Battery Sizing Results
Given the size of the PV array. I sized the battery capacity based on various
scenarios:
Scenario 1: Two DOA with 100% starting capacity
Scenario 2: One week of autonomy with 100% starting capacity
For each scenario, I generated a range of results given two constraints:
Constraint 1: 60% solar generation; assuming 40% losses from nearby wildfire smoke
Constraint 2: 100% generation; or “blue sky” conditions, the PV array functions as
expected
Tables D-1 and D-2 present the full results of the battery sizing analysis. Table D1 presents the results for Scenario 1, and Table D-2 presents the results for Scenario 2.
Table D-1: Results for two days of autonomy and 100% starting capacity (2 - 4 battery
hour storage).
Milestone
Battery
Battery
CAPEX
O&M
Total
Power
Energy
(Million $) (Thousand $ / CAPEX (PV
(MW)
(MWh)
Year)
+ Battery)
BAU
2.2
4.5 - 8.6
1.2 - 2.1
30 - 52
5.6 - 6.5
25%
3.1
6.5 - 12.5
1.8 - 3.0
44 - 75
8.2 - 9.4
50%
4.1
8.6 - 16.4
2.4 - 3.9
57 - 98
10.8 - 12.3
100%
6.0
12.6 - 24.2
3.5 - 5.8
85 - 145
15.8 - 18.1
Table D-2: Results for one week of autonomy and 100% starting capacity (4 - 10 battery
hour storage).
Milestone
Battery
Battery
CAPEX
O&M
Total
Power
Energy
(Million $) (Thousand $ / CAPEX (PV
(MW)
(MWh)
Year)
+ Battery)
BAU
3.0
10.5 - 30.2
2.9 - 6.3
72 - 156
7.3 - 10.7
25%
4.2
14.8 - 42.4
4.0 - 8.8
101 - 219
10.3 - 15.1
50%
5.4
19.0 - 54.5
5.2 - 11.3
130 - 281
13.1 - 19.2
100%
7.8
27.5 - 78.8
7.5 - 16.4
188 - 407
19 - 27.9

